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ABSTRACT 


The  proposed  reliability-based  static  strength  criteria  system  described  in  AFFDL- 
TR-67-107,  Volumes  l-lll,  was  reviewed  to  determine  the  data  requirements 
and  availability,  the  implications  of  such  an  approach  on  the  structural  design 
process,  methods  by  which  implementation  can  be  achieved  without  discontinuity, 
and  necessary  changes  to  specification  and  handbooks.  Volume  I  describes  the 
studies  made  using  data  for  the  C-141  cargo  transport.  Volume  II  describes  the 
findings  and  includes  five  appendices.  The  principal  conclusions  are  that  insufficient 
data  exists  for  the  imminent  implementation,  but  that  studies  of  the  relative  reliability 
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location  would  provide  a  short  term  means  of  using  the  system  to  gain  familiarity 
and  confidence. 
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SECTION  I 

ltllRQ-B-UCim 


Many  attempts  have  been  made  to  achieve  the  realization  of  techniques  for  apply¬ 
ing  reliability  methods  to  the  definition  of  structural  strength.  The  most  compre¬ 
hensive  of  these  was  prepared  by  Innes  Bouton  and  others  and  is  described  in 
AFFDL-TR-67-107.  The  three  volumes  of  that  report  discussed  previous  methods 
and  derived  proposed  methods  covering  both  time-independent  (static)  and  time- 
dependent  (fatigue)  strength.  The  full  range  of  interactions  with  non-structural, 
operational,  executive  and  contractual  areas  was  discussed. 

The  study  described  in  the  present  report  was  aimed  at  reviewing  the  proposed 
method  for  applying  probabilistic  techniques  to  the  assessment  of  static  strength 
reliability.  This  review  was  to  identify  the  data  requirements  of  the  proposed 
method,  the  necessary  changes  to  specifications  and  design  handbooks,  the  inter¬ 
faces  with  non-structural  design  areas  and  the  steps  to  be  token  during  implementa¬ 
tion  of  the  method. 
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SECTION  II 
SUMMARY 


A  clear  understanding  of  the  various  operations  incorporated  into  the  proposed 
static  strength  reliability  analysis  of  AFFDl-TR-67-107  is  necessary  to  its  suc¬ 
cessful  implementation.  Section  III  provides  a  simple  worked  example  which 
illustrates  eoch  step  in  hrn  using,  first,  dummy  doto  and  then  realistic  data. 

The  categories  of  required  data  ore  defined. 

Sections  IV  through  IX  discuss  each  category  in  turn,  by  means  of  studies  of  data 
pertinent  to  the  C-14IA  cargo  transport  aircraft.  Section  X  then  summarizes  the 
findings  in  the  form  of  q  trial  application  of  the  method  to  the  wing  of  the  C-141A. 

Sections  XI  and  XII  discuss,  respectively,  the  updating  of  the  data  to  reflect  the 
state  of  knowledge  at  eoch  stage  during  the  design  and  operational  life  of  a  vehicle, 
and  the  form  in  which  the  required  doto  might  be  standardised. 

Specific  steps  required  to  achieve  the  short-term  and  long-term  implementation  of 
the  method  are  described  in  Section  XUi,  end  the  necessary  changes  to  existing 
Mil- A  specifications  and  AFSC  Design  Handbooks  are  summarised  in  Section  XIV . 
Section  XV  contains  the  conclusions  ond  recommendations  resulting  from  the  study. 

Five  appendices  folic  the  molt*  text.  Appendix  I  outlines  a  technique  for  the 
use  of  bi-modol  (double- family)  statistical  distributions;  the  G umbel  distribution 
of  extremes  is  employed  os  an  example,  but  the  method  is  valid  far  a  range  of 
statistical  distributions.  Appendix  II  contains  the  basic  equations  of  the  computer 
program  uieo  in  the  study;  this  uses  double-family  Gumbo!  distributions,  a  constant 
calculation  interval,  and  employs  8oyes'  theorem  to  incorporate  the  effects  of  test 
results,  but  is  otherwise  similar  to  the  original  program;  many  of  the  intermediate 
results  are,  however,  printed.  Appendix  111  describes  the  program,  its  input  require¬ 
ments  and  operation . 

Appendix  IV  contains  sample  runs  made  with  the  program,  end  Appendix  V  show; 
the  analysis  of  load  end  strength  doto  using  double-family  representations. 
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SECTION  HI 

EXAMPLE  OF  PROPOSED  ANALYSIS  SYSTEM 


Introduction 

Reference  I  discusses  in  detail  the  underlying  philosophy  of  o  reliability- 
based  system  of  structural  design  criteria.  Reference  ‘l  summarizes  the 
essential  ingredients  in  brief  fashion.  Both  documents  are  based  on  certain 
assumptions,  some  consciously  recognized,  but  some  unconsciously  incor¬ 
porated  in  the  analytical  procedures.  Certain  basic  decisions  must  be 
mods  at  intervals  throughout  the  application  of  the  proposed  system,  and 
many  of  those  who  would  be  responsible  for  the  decisions  will  probably  not 
be  fully  conversant  with  the  mathematical  process^  s  involved. 

TW  purpose  of  this  Section  is  to  i||ustrcte,as  for  as  possible,  the  physical 
meanings  of  the  various  steps  in  the  process.  The  data  required  for  each 
step  will  be  identified,  and  its  use  demonstroted. 

Compiler  Program 

The  computer  program  used  far  these  examples  was  a  modified  version  of  that 
In  reference  I,  since  many  of  the  intermediate  stages,  which  ore  necessary 
to  an  understanding  of  the  implications, ere  not  mode  visible  In  that  program. 
The  modified  program,  which  Is  described  in  Appendix  II,  differs  from  the 
original  «n  several  respects.  The  statistics!  functions  used  arc  based  an 
Gumbel's  first  asymptotic  theory  of  extra.'  .et,  rasher  than  on  a  choice  of 
normal,  log-normal  or  WeSbull  distributions.  Furthermore,  the  skewness 
of  the  loads  spectrum  ts  assumed  positive  (she  toil  extending  towards  higher 
loads),  but  the  jiewne t&of  the  strength  distribution  is  assumed  negative  (the 
toll  extending  towards  lower  strengths).  Use  is  also  mode  of  double- family 
distributions  (see  Appendix  I)  to  enable  recognition  of  measured  samples 
exhibiting  such  characteristics. 


Provision  is  made  for  the  resultant  strength  of  the  structure  to  be 
represented  by  a  basic  material  strength  distiibution  on  which  may 
be  superimposed  a  second  distribution  attributable  to  the  variations 
caused  by  fabrication  processes. 

Two  interpretations  of  test  results  are  incorporated  in  the  modified 
program.  The  first  is  the  same  as  that  in  the  original  program  of 
reference  1,  and  recognizes  the  consequences  of  survival  of  the 
test  load.  In  the  case  of  multiple  tests,  this  need  not  be  interpreted 
as  N  tests  surviving  the  lowest  load  carried.  The  second,  which  has 
been  added,  permits  recognition  of  the  implications  of  failures  at 
differem  known  loads.  Bayesian  techniques  are  employed  to  perform 
the  modifications  to  the  probable  strength  distribution,  as  recommended 
in  reference  3. 


3.3  Data  Used 

To  provide  greater  clarity  of  the  steps  involved,  the  data  used  have 
greater  dispersion  that  could  normally  be  expected  in  practice.  Hence, 
the  numerical  values  must  not  be  regarded  as  realistic.  A  realistic  ap¬ 
plied  un  is  described  in  sub-section  111-6. 


3.4 


The  Two  Design  Conditions 

a.  The  philo-X'jhy  of  the  proposed  system  incorporates  a  number  of 
interesting  features,  and  the  relationships  between  these  must 
be  fully  understood  if  the  application  is  to  be  realized.  The 
operational  regime  of  the  aircraft  is  divided  into  the  three  areas 
shown  in  figure  1  {see  reference  2) . 


b. 


c . 


At  all  conditions  up  to  those  possible  within  the  specified  limits 
of  normal  operation  the  probability  of  structural  failure  should  be 
negligible;  the  desired  reliability  must  be  very  close  to  unity. 


At  conditions  above  these,  but  only  up  to  some  "overload"  level 
considered  to  be  feasible,  the  structure  should  have  a  progressively 
diminishing  chance  of  survival.  In  the  proposed  system  this  is 
represented  by  evaluation  of  the  calculation  of  the  risk  of  failure 
at  a  chosen  design  overload  level  defined  as  the  omega  condition. 
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FIGURE  2  -  DESIGN  FLOW 


At  load  levels  beyond  the  omega  condition,  no  structural 
performance  is  evaluated.  Failure  is  regarded  as  inevitable 
and  the  responsibility  for  failure  is  assigned  entirely  to  opera¬ 
tional  or  sub-system  rr 
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rro!  design  process  must  therefore  start  with  the  recog- 
two  simultaneous  design  conditions.  Figure  2  shows 
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These  two  factored  load  levels  must  then  be  compared.  If  they 
are  equal,  then  a  structure  designed  to  the  common  load  will 
meet  both  reliability  requirements  without  penalty .  The  two 
other  situations  are  more  likely: 


(2) 
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The  test  procedure  becomes  a  means  of  disclosing  the 
probability  that  the  actual  strength  distribution  differs 
from  that  intended.  The  test  results  will  change  the  pre¬ 
dicted  reliability  levels  in  a  manner  depending  on  the 
number  of  independent  tests  and  on  the  test  load.  Pre¬ 
dictions  or  assumptions  may  be  included  in  the  choice  of 
design  factor  if  so  desired. 


3.5  Worked  Example 

a.  The  first  step  requires  the  selection  of  the  unfactored  design 
load  (UNFLD).  This  may  be  based  either  on  the  normal  oper¬ 
ational  regime  (limit  load),  or  on  the  overload  regime  (omega 
load)  as  discussed  in  sub-section  111-4;  the  difficulties  of  a 
meaningful  definition  are  described  h  Section  IV  and  V,  but 
for  the  present  example  it  is  sufficient  to  assume  that  a  limit 
value  of  100  units  has  been  selected,  as  shown  in  figure  3.  This 
unfactored  design  load  is  used  as  a  basis  for  defining  the  initial 
sizing  of  the  structure. 

b.  The  second  step  matches  the  factored  design  load  (DSNLD)  (a 
design  safety  factor,  FS,  on  limit  load  may  be  incorporated  if 
so  desired,  together  with  a  design  margin  of  safety,  MS}  where 

DSNLD  =  UNFLD  x  FS  x  (1  +  MS)  -(l) 

to  some  specified  strength  level  defined  as  a  number  of  standard 
deviations  (S^^)  below  the  Intended  mean  strength .  Conventionally, 
this  will  be  implicit  in  the  design  allowable  strengths,  but  must  be 
specifically  recognized  in  these  statistical  terms.  The  landed  mean 
strength,  AMSTR,  is  therefore  known,  since 


DSNLD 


:  AMSTR  (1  -  SALL) 


-(2) 

ll»t* 

Figure  4  shows  this  step  in  graphical  terms.  The  assumed  strength 
variation  was  assumed  to  be  a  double-fomily  distribution  containing 
a  sub-family  of  weaker  specimens. 
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c.  So  for,  the  procedure  is  virtually  indistinguishable  from  that 

in  use  in  the  present  deterministic  criteria  systems,  but  from  this 
point  onward  the  added  consequences  of  a  probabilistic  system 
begin  to  emerge . 

d.  The  intended  reliability  can  now  be  evaluated,  based  on  the 
premise  that  the  actual  meon  strength  of  the  whole  production 
run  of  the  particular  structural  item  under  consideration  will 
actually  be  AMSTR.  This  implies  not  only  that  the  loads  and 
strength  variations  are  correct,  but  also  that  there  are  no  dis¬ 
crepancies  of  any  kind  in  the  design,  the  analysis,  the  material, 
the  fabrication  or  the  assembly  of  the  structure.  If  this  assumption 
of  "no  error"  is  mode,  then  the  probability  of  failure,  if  the  strength 
is  X  (i  l/2dx),  is  given  approximately  by  the  product  of  the 
probability  that  the  strength  is  in  that  band  multiplied  by  the 
probability  that  the  load  exceeds  X  (i  .e.  failure  occurs  if  the 

load  exceeds  the  strength) .  This  can  be  expressed  os 

6Pp(X)  =  p$(X)  •  PL(X)  (3) 

where  dP^(X)  is  the  contribution  to  tha  total  probability  of 
failure, 

p^(X)  is  the  probability  that  the  strength  is  X  (+  l/2dx) 
is  probability  that  the  load  exceeds  X 

Summing  the  incremental  values  of  gives  tire  total  prob¬ 

ability  of  failure 

x 

MX)  -  £  IMX)  -(4) 

r  x«0  F 

Figure  5  shows  the  two  stages  graphically . 

<i.  The  next  step  represents  a  major  chonge  betv  eon  the  conventional 
end  probabilistic  processes,  namely  the  quantitative  assessment  of 
the  probability  of  a  discrepancy  between  the  intended  mean  strength 
of  the  fleet  and  the  achieved  strength.  This  point  is  discussed  at 
length  in  reference  I,  but  since  it  must  be  fully  recognized,  it  is 
briefly  outlined  here,  and  described  again  in  Section  VII. 


n 


It  is  commonly  accepted  that  analytical  methods  alone  are 
insufficient  to  guarantee  the  strength  of  a  structure,  particularly 
where  design  and  manufacturing  processes  are  advancing  more 
rapidly  than  the  supporting  analytical  tools.  Arithmetical  errors, 
either  major  or  minor,  are  encountered  in  practice,  as  are  deliberate 
processes  of  underdesign  to  save  weight.  The  net  effect  is  reflected 
in  accumulated  test  failure  experience. 

An  interesting  numerical  observation  described  in  reference  1  may  be 
reiterated  for  emphasis.  Suppose  the  design  allowable  strength  to 
correspond  to  the  99  per  cent  probability  of  survival;  then  only  one 
test  article  in  100  should  be  expected  to  fail  at  load  levels  lower 
than  the  fully  factored  design  food,  a  situation  which  is  not  con¬ 
firmed  actual  test  experience.  Even  it  the  mean  strength  (as 
determined  by  small-scale  tests)  is  used  as  the  allowable  strength, 
then  no  more  than  one  half  of  the  static  ultimate  tests  should  result 
in  failure. 

Objective  consideration  of  real-life  static  test  performance  leads  to 
the  inescapoble  conclusion  that  the  achieved  mean  strength  of  a 
design  may  be  less  than  the  intended  mean  strength  because  of 
discrepancies  in  design,  material,  fabrication  or  assembly. 

The  choice  of  the  specific  error  function  to  be  used  is  discussed  in 
Section  VII.  For  this  Illustrative  exomple,  a  doublo-fomily  distri¬ 
bution  was  assumed  for  the  ratio  of  probable  actual  mean  strength 
to  intended  mean  strength .  Figures  6(a)  and  6(b)  show  the  assumed 
distribution;  the  sub-family  with  its  mean  at  I.Q  .,n  be  regarded 
os  covering  tolerances  in  reading  design  data  from  curves,  in  "round¬ 
off"  errors  and  other  simitar  practices;  the  other  sub-family  has  its 
mean  at  0.8  and  con  be  considered  to  represent  discrepancies  due  to 
arithmetic  errors,  to  faulty  quality-control  of  material,  poor  assembly 
and  so  on.  Ten  per  cent  of  the  totol  population  is  assigned  to  this 
second  sub-family. 
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P=  PROBABILITY  OF  LESSER  STRENGTH 


ACTUAL  STRENGTH/INTENDED  STRENGTH 
(a)  error  function 
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(b)  Probable  Mean  Strength  Distribution 


FIGURE  6  PROBABLE  ERROR  (FIRST  EXAMPLE) 


The  assumed  distribution  of  mean  strengths  is  then  combined 
with  the  assumed  strength  variation  to  produce  a  distribution 
of  probable  individual  strengths.  This  is  achieved  by  taking 
each  mean  strength  level,  x.  ,  in  turn,  and  assuming  a 
sub-group  containing  p(x.)  of  the  total  with  a  distribution  scaled 
from  the  basic  strength  distribution;  this  results  in  a  series  of  con¬ 
tributions  to  the  probability  p  (x.,  x.)  that  the  strength  is  Xj  when 
the  mean  is  x.,  as  shown  in  figure  /(a).  Summing  for  each  x. 
gives  the  total  probability  of  each  strength  level,  os  shown  in 
figure  7(b) . 

The  failure  risk  and  the  reliability  can  now  be  revised  to  recog¬ 
nize  the  assumed  probable  discrepancies,  but  before  the  incor¬ 
poration  of  knowledge  from  any  tests.  Figure  8  shows  the  two 
stages  involved,  which  are  identical  to  those  described  in  paragraph 
(iv)  above. 

The  .  ext  step,  the  incorporation  of  test  results,  requires  a  different 
interpretation  of  the  purposes  of  static  testing  from  that  commonly 
held.  The  conventional  view  is  that  if  the  test  article  survives 
the  designated  load,  then  the  design  is  proved,  but  this  has  no  validity 
in  a  probabilistic  context.  The  essence  of  probobilism  (reference  4) 
is  that  a  discrepancy  remains,  however  slim  that  chance  may  be. 

This  is  due  to  the  possibility  that  the  test  article  may  be  from  the 
stronger  end  of  the  distribution;  the  reliability  estimate  must  recog¬ 
nize  the  existence  of  the  weakest  member  of  the  fleet. 

Hence  the  Intention  of  the  test  requires  ro-lnterpretofion,  end  es 
stated  in  reference  I,  becomes  the  means  of  disc  lasing  whether 
there  ore  discrepancies  in  the  design,  fabrication  or  assembly 
processes  which  result  in  the  actual  strength  levels  being  different 
from  those  intended. 

The  mathemoHcel  application  of  Bayes'  theorem  to  this  specific 
problem  It  well -understood;  reference  5  It  one  example  of  the 
available  literature.  Briefly,  the  reasoning  is  os  follows,  for  the 
cote  of  "survive!*'  testss 
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let  P(x.;x.)  be  the  probability*  that  the  strength  exceeds 

x.;  when  the  mean  strength  has  the  value  x.;  and 

iet  p(x.)  be  the  probability  that  the  mean  strength  is 
‘  x.(+  l/2dx) 


Initially,  an  assumed  distribution  x.  is  used  as  a  prior  distribution 

) .  Now  let  one  test  be  performed  to  a  load  XT  and  let  the 

'l 

specimen  survive  this  test.  Theposterior  distribution  of  mean  strength 
is  then  given  by 


P 


'<*>!> 


P(XT;x.)  •  p(x.) 

_ Li _ ! _ _ J_ _ 

E|P(XT;x)  •  p(x)| 

1  '|  I  I  ' 


where  the  summation  is  performed  for  the  whole  range  of  x.  required 
to  ensure  that  X|p(x.)|  equals  unity,  and  the  denominator  repre¬ 
sents  a  normalizing  factor  which  retains  the  total  posterior  probability 
of  x.  as  unity  . 

The  effect  of  equation  (5)  is  therefore  to  update  the  assumed  distri¬ 
bution  of  mean  strengths  as  a  result  of  knowledge  gained  from  the 
test,  this  knowledge  being  that  the  strength  of  the  specimen  was 

greater  than  XT  . 

I 

If  several  tests  are  made  successively,  the  posterior  distribution 
from  the  fir$t  test  becomes  the  prior  distribution  for  the  second 
test,  and  so  ">n. 

Figure  9  shows  the  revised  distributions  of  probable  mean  strength 
which  are  derived  from  one  and  two  tests  to  survive  a  load  of  150. 
These  revised  mean  strength  distributions  lead  in  turn  to  updated 
distributions  of  probable  individual  strength  (figure  10  shows  the 
effects). 

k.  The  failure  probabilities  and  reliabilities  are  then  re-evaluated  to 
give  values  appropriate  to  the  new  state  of  knowledge  (see  figure 
11). 


*The  semi-colon  denotes  that  P  refers  to  the  distribution  of  x.  for  a  gjven  value 

of  x. 

I 
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An  alternative  test  interpretation  will  exist  when  the  failing 
load  is  known. 


let  p(x.;x.)  be  the  probcbili;^  that  the  strength  is 
Xj  (+  l/2dx)  when  the  mean  strength  is 

Xj  (+  I/2dx) 


let  p(x.) 


be  unchanged  from  the  previous  definition 


The  posterior  distribution  of  x.  is  then 

p\x.;  XT()  =  p(XTj;x.)  *  p(x-)  _(6 

2  { p(xi,;Xj)  •  p(Xj)] 

and  is  used  as  before  to  yield  the  updated  distribution  of  indi¬ 
vidual  strength  (see  figures  12  and  13  for  the  example  of  two 
tes?  failures  at  150). 


m.  The  revised  failure  probabilities  and  reliabilities  can  be  computed 
from  the  updated  strength  distributions  to  reflect  the  known  fact 
that  the  strength  of  each  test  specimen  was  150.  Figure  14  shows 
the  results  graphically. 

n.  In  general,  tests  will  not  lead  to  the  same  result,  and  the  methods 
described  above  remain  valid  if  the  Xy  values  are  changed  from 
test  to  test.  The  order  in  which  the  values  occur  is  immaterial 
the  same  final  results  being  obtained,  for  example,  for  a  test  to 
150  followed  by  a  test  to  180  and  for  a  test  to  180  followed  by 
a  test  to  150.  The  intermediate  estimates  after  the  first  test  will 
differ.  The  difference  in  interpretation  between  survival  tests 
and  failure  tests  is  discussed  in  Section  IX. 

o.  The  results  of  the  computations  in  the  different  steps  of  the  analysis 
are  summarized  in  Table  I.  Comments  illustrating  the  interpretation 
of  the  values  are: 

(1)  the  process  of  motching  the  (factored)  design  load  to  an 

allowable  strength  set  at  two  standard  deviations  below 

the  mean  implies  that  the  intended  mean  strength  of  the 

fleet  is  217.0.  The  basic  strength  distribution  (double- 

tamlly)  has  a  standard  deviation  of  217,0  x  0.154  =  33.4 

which  explains  the  large  difference  In  values.  Practical 

data  would  reduce  this  substantially  (see  Section  III-*' 
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RELIABILITY 


TABLE  I  -  SUMMARY  OF  RESULTS  OF  EXAMPLE 


CONDITION 

MEAN 

STRENGTH 

COEFF.  OF 
VARIATION 

1 

! 

No  error,  no  test 

217.0 

0.154 

Prob.  error,  no  test 

152.0 

0.170 

Survival  tests; 

i 

i 

1st  to  150 

158.0 

0.155 

2nd  to  150 

159.4 

0.154 

Failure  tests: 

1st  to  150 

154.2 

C.156 

2nd  to  150 

153.4 

0.155 

1st  to  15Q 

154.2 

0.156 

2nd  to  180 

163.3 

0.151 

1st  to  180 

164.0 

0.151 

2nd  to  150 

163.3 

0.151 

TOTAL* 

RISK 


0.01823 

0.13841 


TOTAL 

REL. 


0  .98177 
0.86159 


0.12312  0.87688 

0.11906  0.88094 


0.13387  0.86613 

0.13619  0.86381 


0.13387 

0.10844 


0.10667 

0.10844 


0.86613 

0.89156 


0 .89333 
0.89156 


UNFtO  «  100,  f$  =  1  -5,  MS  =0,  OSNLD  »  150,  SALL  -  2  0 


The  intended  failure  risk  is  0.01823,  the  intended  reliability 
being  0.982. 

(2)  Recognition  of  the  probable  existence  of  discrepancies  reduces 
the  predicted  actual  mean  strength  to  152.0  and,  at  the  same 
time,  increases  the  coefficient  of  variation  to  0.170,  resulting 
In  a  standard  deviation  of  25.8.  The  predicted  failure  risk 
increases  seventy  six  times  with  a  corresponding  decrease  in  re¬ 
liability  to  0.862. 

(3)  After  one  test  surviving  150,  the  probable  mean  strength  of 
the  fleet  reverts  upward  to  I58.0wiin  the  coefficient  of  varia¬ 
tion  dropping  well  back  to  0.155.  The  Bayesian  update  uses  the 
test  result  to  indicate  a  smaller  error  than  was  assumed,  and 
revises  the  reliability  to  a  slightly  better  value  of  0.87}’. 

(4)  The  second  test  has  less  influence,  resulting  in  an  improvement 
to  0.881. 

(5}  A  test  failure  at  150  tends  to  affirm  the  assumed  error  definition 

implying  a  fleet  mean  strength  of  154.2;  the  revised  reliability  (0.866) 
is  only  a  little  better  than  that  corresponding  to  the  "no  test'1  situation. 

(6)  The  second  test  failure  at  150  confirms  the  error  assumption,  and 
lowers  the  fleet  mean  strength  further  (to  153.4),  the  reliability 
dropping  very  slightly  to  0.864. 

(7)  If  the  second  test  failure  is  at  180,  the  results  of  the  first  test 
(failure  at  150)  are  raked  by  a  significant  amount.  The  fleet 
mean  strength  improves  to  163.3,  the  reliability  moving  to  0.892. 
However,  the  values  are  still  well  below  the  intended  ("no  error") 
values,  which  emphasises  the  fact  thof  testing  to  load  levels  in  the 
neighborhood  of  the  factored  design  load  do  not  prove  the  absence 
of  discrepancies  between  the  intended  and  actual  strength  variation 
among  the  total  population. 

(8)  It  is  seen  from  Table  I  thot  reversing  the  order  of  the  two  failure 
tests  leads  to  the  some  final  values.  The  intermediate  values, 
after  the  first  test  to  180,  ore  compatible  with  the  achievement  of 
this  test  level . 


26 


3.6  Example  with  Realistic  Data 

a.  An  example  based  on  realistic  data  for  the  C— 141  Cargo 
Transport  follows.  The  procedure  is  as  described  in  the 
previous  sub-section  but  more  reliance  can  be  placed  on  the 
absolute  values  of  the  results.  The  assumptions  made  are  as 
follows: 

(1)  The  loads  distribution  was  based  on  a  single-family 
Gumbel  distribution  of  the  maximum  load  occurring 

per  aircraft  lifetime;  integration  from  right  to  left  yields 
the  necessary  probability  that  a  load  less  than  or  equal 
to  x  will  occur:  design  limit  load  was  set  at  100  with  a 
design  factor  ov  1  .5. 

(2)  The  basic  strength  distribution  was  assumed  to  be  of 
Gumbel  form  with  coefficient  of  variation  of  0.06. 

(3)  The  design  allowable  used  for  sizing  the  structure  was 
taken  to  be  2,326  standard  deviations  below  the  mean 
(99  per  cent  exceedence). 

(4)  The  assumed  error  function  was  based  on  retrospective 
analysis  of  C-141  wing  ter*  data  (component  and  static 
test);  this  is  discussed  further  in  Section  VII. 

(5)  Testing  was  assumed  to  consist  of  two  separate  tests,  each 
surviving  150  (i.o.  the  test  factor  was  equated  to  the 
design  factor  of  1.5  in  the  conventional  manner). 

b,  Figure  15  shows  the  load  distribution  and  the  intended  strength 
distributions.  Because  of  the  wide  numerical  ranges,  logarithmic 
plots  have  been  chosen  throughout.  Figure  16  gives  the  corre¬ 
sponding  failure  probability  distribution  and  reliability.  It  will 
be  noted  that  the  (low)  failure  risk  is  due  olmost  entirely  to  the 
few  very  weak  specimens  which  are  certain  to  Incur  loads  exceeding 
their  strength,  and  that  there  is  little  risk  of  the  high  toads  causing 
failure.  This  emphasizes  the  interpretation  in  reference  1  of  "under¬ 
strength  protection" . 
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It, 


PROBABILITY  OF  LOAD  *  X 


100  150  174.5 


FIGURE  15  LOAD  SPECTRUM  AND  INTENDED  STRENGTH  (SECOND  EXAMPLE) 


Figures  17(a)  and  17(b)  shows  the  effect  of  the  assumed  srror 
function  on  the  probable  strength,  exaggerated  by  the  logarithmic 
scale.  The  same  figures  show  the  updated  distributions  following 
the  tests.  It  is  important  to  noto  that  the  assumed  error  function 
implies  a  low  probability  of  surviving  the  test;  the  fact  that  the 
test  was  survived  thus  effectively  denies  the  existence  of  the 
weaker  sub-family  of  strength  and  amounts  to  a  self-compensating 
process.  In  practice,  this  will  tend  to  alleviate  penalties  which 
might  exist  due  to  over-conservative  assumptions;  conversely,  pre¬ 
mature  failure  will  correct  the  strength  distribution  by  implying  a 
greater  piobobi lily  of  a  discrepancy.  Techniques  such  os  the  use 
of  Bayes'  theorem  moy  prove  to  be  the  key  to  the  effective  use  of 
the  proposed  system  of  reference  1 . 

Figure  18  illustrates  the  variation  of  the  failure  distribution  and 
reliability  os  the  test  data  is  accumulated. 

The  C- 141  example  is  summarized  in  Table  II,  and  leads  to  the 
following  comments; 

(1)  matching  the  factored  design  load  050)  to  an  allowable 
strength  at  2  <326  standard  deviation  below  the  mean  Im¬ 
plies  that  the  intended  mc-cn  strength  of  the  fleet  is  at 
174.$  (i.e.  at  1  .74$  times  the  unfactoted  load).  The 
probability  of  surviving  one  test  to  ISO  is  found  to  be 

0 -972 ,  which  implies  that  only  one  specimen  in  36  should 
foil  to  cany  the  150  per  cent  test  food.  The  intended  re¬ 
liability  H  almost  one. 

(2)  the  jssumed  error  function  reduces  the  probable  mean  strength 
of  the  fleet  to  146 .3  end  doubles  the  coefficient  of  variation. 
The  probability  of  surviving  a  test  to  150  drops  to  0 .50,  so 
that  if  the  error  assumptions  ore  corf*e»,  one  Specimen  in  two 
should  fail  below  ISO  percent  load.  The  predicted  reliability 
reduces  to  0*^86. 
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FIGURE  16  REUA&iUIY  BEFORE  AND  AFTER  TESTS  (SECOND  EXAMPLE) 


TABLE  II  -  SUMMARY  OF  C-141  EXAMPLE 


CONDITION 

MEAN 

STRENGTH 

COEFF.  OF 
VARIATION 

TOTAL 

RISK 

TOTAL 

REL. 

No  error,  no  test 

174.5 

—  _  ■  ■ 

0.060 

0.0000005 

0.999999 

Probable  error,  no  test 

146.3 

0.133 

0.001374 

0.998625 

After  one  test 
surviving  150 

152.5 

0.066 

0.0000018 

0 .999998 

After  two  tests 
surviving  150 

153.5 

0.065 

0.0000017 

0 .999998 

UNFLD  =  100,  FS=15,  MS  =  0,  DSNLD  *  150,  SALL  =  2.326 
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survival  of  the  first  test  indicates  that  the  likely  errors 
are  less  extreme  than  assumed.  The  update  process  raises 
the  predicted  mean  strength  of  the  fleet  to  152.5,  re¬ 
ducing  the  coefficient  of  variation  almost  to  the  intended 
value.  The  reliability  (0.999  998)  is  also  restored  almost 
to  the  original  value. 

the  second  test  has  virtually  no  effect  on  the  reliability. 


uara 


b. 


This  sub-section  identifies  the  data  requirements  of  the  proposed 
method  in  general  terms.  Each  category  is  discussed  separately 
in  later  Sections  of  this  report. 

Load  data: 
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Now  the  kernel  of  the  reliability  prediction  is  the  comparison  of 
the  probability  of  a  certain  strength  and  the  probability  of  a  greater 
load.  It  is  therefore  essentia!  that  load  and  strength  must  be  express! 
in  terms  of  the  same  quantity. 

When  only  a  single  parameter  is  involved  (as  in  the  cases  discussed 
in  references  1  and  2),  no  real  problem  arises.  In  most  realistic  con¬ 
ditions,  combinations  of  parameters  wi  II  be  necessary  for  both  load 


ad  factor,  weight,  speed,  et 


id  strength  (bending,  torsion, 


pressure, 


• )/ 


and  the 


hese  points  are  disc 


>ice  ot  basic  parameter 
later  sections. 


less  obvious. 


When  multiple  parameters  occur,  it  is  not  possible  to  select 
a  single  limit  (or  omega)  load  level  with  a  probability  which 
can  be  directly  related  to  a  reliability  level  Nevertheless, 
a  single  value  is  necessary  for  the  initial  sizing  of  the  structure. 

The  basic  data  required  therefore  consists  of: 

(1)  design  unfactored  load  levels  (based  on  normal  operational 
or  limit  conditions  and  based  on  desired  overload,  or  omega, 
conditions) 

(2)  design  factors  (and  design  margins  of  safety)  to  be  used  in 
conjunction  with  the  unfactored  loads  in  order  to  determine 
the  structural  configuration 

(3)  declared  load  levels  (limit  and  omega)  at  which  the  chosen 
reliability  goals  are  to  be  met 

(4)  probability  distributions  of  the  limit  and  omega  loads,  which 
may  be  quite  separate  since  the  parameter  being  overloaded  may 
not  be  the  primary  parameter. 

Sections  IV  ar.d  V  explores  these  features  in  greater  detail. 

Strength  Data: 

A  means  is  required  for  establishing  the  probable  variation  of 
strength  relative  to  the  mean  strength,  and  this  definition  must 
be  in  terms  of  the  single  principal  parameter  used  to  define  the 
load.  It  will  generally  be  necessary,  therefore,  to  perform  separate 
analyses  at  constant  values  of  each  secondcry  parameter.  The  resultant 
strength  of  a  real  structure  will  :nvolve  not  oniy  the  propertiesof 
the  basic  material,  but  also  the  variability  introduced  by  fabrication 
and  assembly  processes.  A  design  allowable  level  (a  number  of 
standard  deviations  below  the  mean)  is  required  for  establishing  the 
initial  sizes  of  the  structural  members.  The  basic  statistical  properties 
of  the  resultant  strength  distribution  (i.e.  the  coefficients  of  variation 
of  the  sub-families,  the  relative  locations  of  the  means  of  the  sub¬ 
families  and  the  relative  proportions  of  the  population  assigned  to  the 
sub-families)  are  assumed  constant  as  the  predicted  mean  strength  of 
the  system  is  updated.  Section  VI  discusses  the  nature  of  these  items. 


Error  Function: 

!n  order  to  employ  the  automatic  update  feature  introduced 
by  Bayesian  methods,  the  predicted  actual  strength  is  required 
to  be  a  function  of  two  variables.  These  are  taken  to  be  the 
basic  strength  distribution  relative  to  the  mean  strength,  and 
the  probable  distribution  of  mean  strength .  The  "no  error"  con¬ 
dition  con  be  analyzed  independently  as  described  in  sub-section 
111-5,  but  cannot  be  assumed  as  the  prior  distribution  of  Bayes' 
theorem  since  equations  (5)  or  (6)  do  not  result  in  ony  change 
when  only  one  value  of  x.  exists.  Hence,  some  assumed  distri¬ 
bution  of  mean  strength  is  required,  however  narrow  this  may  be. 

In  practice,  there  will  be  few  instances  where  the  design  and 
construction  methods  are  so  well  established  that  the  choice  of 
an  undisclosed  error  can  be  truly  claimed  to  be  negligible.  The 
choice  of  error  function  can  initially  be  arbitrary,  or  may  be 
based  on  an  individual  company’s  experience  of  its  own  procedures. 

It  is  important  that  the  interaction  between  the  original  error  function 
and  the  updating  by  test  results  is  appreciated;  a  gross  error  function 
implies  little  chance  of  surviving  a  high  test  Ic-^d,  and  if  the  test 
load  is  survived,  it  will  result  in  a  drastic  iitvprovement  of  the  pre¬ 
dicted  strengths.  Conversely,  an  optimistic  error  function  implies 
near  certainty  of  passirg  the  test;  if  the  test  fails,  a  drastic  re¬ 
duction  in  the  predicted  strength  rill  result.  The  whole  process 
tends  to  be  self-cemper.;ating.  Figures  19(a),  19(b),  19(c)  and  19(d) 
illustrate  this  tendency. 

Section  VI *  de  ibes  the  practical  assessment  of  suitable  functions 
from  test  experience . 

Reliability  Goal: 

This  subject  is  addressed  in  Section  VIII  and  the  only  comments 
necessary  at  this  stage  cutt  that  no  obvious  rationale  has  been 
detected  for  the  values  to  be  used.  Even  if  the  remainder  of  the 
system  is  probabilistic  in  nature,  the  chosen  reliability  levels 
will  probably  retain  a, deterministic  character.  •  > 
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(I b )  Mean  strength  attributions 


FIGURE  19  EFFECTS  OF  GROSS  AND  MINOR  ERRORS 


f •  Test  Factors: 

Once  the  essential  nature  of  the  static  strength  tests  is  accepted 
os  the  means  of  disclosing  discrepancies  between  the  intended 
strength  distribution  and  the  probable  actual  strength  distribution, 
and  not  as  a  means  of  "proving  compliance"  with  a  design  obli¬ 
gation,  then  the  logic  by  which  test  factors  can  be  selected 
can  be  developed. 

The  fundamental  aim  is  the  prediction  of  the  risk  of  failure  within 
a  specified  range  of  load  levels,  and  the  selection  of  a  target 
test  level  which  will  indicate  that  the  chosen  risk  (the  complement  of 
the  reliability)  will  be  met  If  a  lower  test  strength  is  achieved, 
further  studies  can  be  initiated  to  evaluate  the  trade-off  between 
load  probability  and  reliability  .  The  test  factors  can  therefore  be 
selected  from  a  knowledge  of  the  pre-test  data  and  cost-optimized 
with  respect  b  the  probability  of  destroying  the  specimens,  the 
number  of  specimens  and  the  level  of  loading.  Section  IX  gives 
further  defoib. 

One  other  feature  emerges  from  th®  example  described  earlier; 
a  test  failure  at,  say  150,  can  also  be  regarded  as  a  test  surviving 
149,  However,  the  probabilistic  differences  may  not  be  negligible 
for  the  failure  implies  no  probability  that  the  specimen  has  a 
strength  exceeding  150,  whereas  the  survival  does  include  the  prob¬ 
ability  of  greater  strengths.  This  anomaly  is  pursued  in  Section  IX, 

g.  The  final  data  requirement  is  simply  the  recognition  that  ot  any 

given  stage  in  the  design,  test  and  operational  life  of  the  aircraft, 
the  appropriate  data  should  reflect  the  current  stage  of  knowledge. 
Progressive  updating  of  all  parameters  is  necessary  to  the  full  assess¬ 
ment  of  the  reliability  of  the  fleet. 
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SECTION  IV 

CHOICE  OF  INITIAL  DESIGN  LOADS 


Introduction 

At  the  outset  of  the  design  of  a  new  aircraft,  little  definitive 
information  will  be  available  to  define  the  probabilities  of  the 
loads  or  the  strength  levels.  The  maximum  use  must  be  made 
of  approximations  to  permit  the  preliminary  design  iterations  to 
proceed;  the  structural  configuration,  materials  and  methods  of 
fabrication  will  usually  be  varied  during  this  stage.  It  is  necessary 
for  a  deterministic  definition  ot  the  design  loads  io  be  clearly  defined 
as  a  means  to  the  sizing  of  the  structure;  this  item  in  the  design  chain 
cannot  be  treated  on  a  probability  basis  within  the  procedures  currently 
in  general  use,  and  any  change  to  introduce  such  a  basis  would  be  a 
cause  of  disruption . 

This  section  examines  these  related  problems  as  they  would  occur  during 
the  design  of  a  cargo  transport  aircraft  (0141  data  was  used),  but  with 
the  implied  advantage  af  prior  knowledge  of  the  probable  utilization  (in 
practice,  this  could  frequently  be  obtained  from  accumulated  data  on  an 
existing  aircraft  of  similar  type). 

Available  Statistics 

Appropriate  data  which  can  be  used  in  the  application  of  statistical 
methods  to  determination  of  design  loads  appear  to  exist  in  quantity 
only  for  the  following  parameters: 

a.  Symmetrical  maneuver  load  factors 

b.  Gust  intensities 

c.  Landing  sinking  speeds 

The  information  which  is  available  concerning  these  parameters  in  many 
cases  is  probably  inadequate  to  establish  probability  levels  appropriate 
to  Omega  load  levels  without  extreme  extrapolation.  Also,  it  is  quite 
obvious  that  loading  conditions  cannot  be  defined  with  these  parameters 
alone. 


However,  where  at  least  one  significant  parameter  of  a  loading 
condition  can  be  defined  adequately  through  statistics  it  appears 
that  the  statistical  approach  can  be  used.  This  can  be  done  in 
the  following  manner: 

a.  Select  appropriate  statistical  data  concerning  a  significant 
parameter  and  extrapolate  the  data  as  necessary  (using  ex¬ 
treme  value  techniques,  for  example). 

b.  Select  other  significant  statistics  from  mission  profile  infor¬ 
mation,  also  extrapolating  to  necessary  extremes. 

c.  Combine  the  above  statistics  using  joint  probability  techniques 
to  select  conditions  appropriate  to  the  designated  structural  re¬ 
liability  goals.  (See  Section  VIII.) 

d.  Select  other  parameters  necessary  to  completely  define  loading 
conditions  from  the  basic  requirements  of  the  MIL-A-8860  Series. 

4.3  Design  limit  Conditions 

In  the  context  of  the  new  procedure,  limit  loads  represent  those  which 
may  be  attained  in  norma!  operations  within  normal  operational  envelopes 
and  Omega  loads  are  those  which  result  from  exceeding  normal  limitations 
due  to  an  unusual  occurrence.  Therefore,  in  selecting  limit  conditions, 
normal  operational  .imitations  should  be  used,  such  a?: 

a.  Speeds  not  exceeding 

b.  Center  of  gravity  limits  not  including  a  design  tolerance 

c.  Weights  not  exceeding  maximum  gross  weight 

d.  Paylcads  not  exceeding  placarded  limits 

e.  Etc . 

4.4  Design  Omega  (Overload'  Conditions 

However,  in  the  selection  of  Omega  load  cases,  statistically  defined 
parameters,  mission  profile  extrapolated  parameters,  and  MIL-A-8860 
Series  parameters  should  hove  no  individual  limits  except  those  set 
by  reasonability,  For  sxampie,  weights  exceeding  maximum  design 
gross  weight  should  be  considered  if  statistics  or  extrapolated  mission 
profile  data  indicate  such, speeds  up  to  and  possibly  beyond  should 
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be  used  if  statistics  are  available  for  verification,  payloads  exceeding 
limit  payloads  should  be  included,  and  center  of  gravity  limits  should 
include  at  least  the  Military  Specification  tolerance. 

Example  Using  C—  1 41  Data 

a.  As  an  example  of  how  such  a  procedure  might  be  applied  using 
a  minimum  of  statistical  data  the  following  C- 141  landing  loads 
analysis  is  offered.  Table  III  shows  the  C-141  landing  weight 
occurrences  for  one  design  lifetime  of  12,000  landings  as  derived 
from  the  C-141  design  mission  profiles  as  shown  in  Reference  7. 

Applying  extreme  value  theory  to  these  statistic  results  in  the 
cumulative  occurrences  of  landing  weight  shown  »n  Figure  20. 

Extreme  voiue  theory  applied  to  landing  sinking  speed  data  is 
shown  in  Figure  21 .  Two  sets  of  sinking  speed  data  are  shown, 
one  from  Ml L-A-008866A  and  tne  other  rrom  Figure  7.5  of 
Reference  8,  for  aircraft  weighing  over  150,000  pounds. 

b.  Figure  22  results  from  applying  the  joint  probability  of  the 
landing  weight  statistics  and  the  sinking  speed  statistics  to 
obtain  the  combinations  of  landing  weight  and  sinking  speed 

to  be  considered,  A  probability  of  occurrence  of  once  per  12,000 
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landings  was  used  for  limit  conditions  and  o  probability  of  10 
per  12,000  landings  for  Omoga  conditions. 

The  sinking  speed  data  from  MII-A-008865A  appears  to  be 
quite  high  as  compared  to  thot  from  Reference  8.  Since  the 
source  of  the  MIL-4-008866A  data  is  unknown  and  the  reference 
8  data  is  known  to  be  statistically  based,  the  Reference  8  data  will 
be  used  in  the  subsequent  analysis. 

c.  limit  combinations  of  landing  weight  end  sinking  speed  are  chosen 
along  the  1.0  probability  line  and  analyzed  in  accordance  with 
MIL-A-008862A  requirements .  The  Only  requirements  of  Mil- A- 
008862A  which  have  been  replaced  are  the  landing  weight  sinking 
speed  combinations.  However,  since  limit  conditions  represent 
normal  operations,  the  maximum  gross  weight  which  should  be  con¬ 
sidered  is  the  landplane  landing  design  gross  weight  of  257,500  pounds. 


Sinking  Sp».V  FPS 


FIGURE  22  LANDING  WtIGMT  -  SINK  SPizED  PROBABILITIES 


Also,  a  decision  must  be  rtK'ich  as  to  what  the  sinking  speed 
restriction  is  for  normal  operations.  If  this  is  selected  as 
ten  feet  per  second,  then  the  range  of  limit  conditions  to 
be  investigated  is  very  small  and  is  as  shovjn  by  the  heavy 
part  )f  the  limit  line  in  Figure  22.  This  region  of  investigation 
is  also  very  close  to  the  actual  C-141  design  point  of  10  feet 
per  second  ot  257,500  pounds. 

d.  Omega  combino.ions  of  landing  weight  and  sinking  speed  are 
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chosen  along  fhe  10"  probability  line  and  analyzed  in  accor¬ 
dance  with  Ml  L-A-008862A  requirements.  However,  the  energies 
involved  in  using  these  data  are  extremely  large  and  lead  one  to 
question  the  validity  of  the  data,  particularly  when  the  sinking 
speed  statistics  used  did  not  include  any  data  at  higher  sinking  speeds 
than  seven  feet  per  second.  It  appears  that,  even  for  Omega  con¬ 
ditions,  rational  limits  must  be  set  on  extrapolation  of  statistics 
in  order  to  result  in  a  reasonable  structural  design.  A  possible 
rational  cutoff  of  sinking  speed  for  the  Omega  case  might  be  the 
reserve  energy  absorption  value  of  125  percent  of  limit  sinking 
speed  given  in  MiL-A-008862A,  This  would  still  make  the  Omega 
case  the  designing  casein  terms  of  energy  requirements. 

e.  Another  example  of  an  approach  to  selecting  design  load  conditions 
using  a  minimum  of  statistical  information  iollows.  This  example 
deals  with  the  selection  of  positive  symmetrical  maneuver  conditions 
for  the  C-141  using  payload  statistics  derived  from  C-141  usage  data 
and  maneuver  load  factor  statistics  from  MIL- A-008866A. 

Table  IV  reproduces  the  positive  maneuver  load  factoi  spectra  for 
^TRANSPORT  a'rcra^  from  Table  VII  of  MIL-A-008866A.  The 
values  shown  are  in  terms  of  cumulative  occurrences  per  1000  flight 
hours  by  mission  segment.  Table  V  shows  the  percentage  of  time 
the  C-141  spends  in  each  of  the  mission  segments  based  on  actual 
usage  data . 


TABLE  IV 


MANEUVER  LOAD  FACTOR  SPECTRA 

REFERENCE  TABLE  VII  MIL-A-008866A  (USAF) 


Nz 

LOGISTICS 

TRAINING 

REFUEL 

ASCENT 

CRUISE 

DESCENT 

ASCENT 

CRUISE 
■  - 

DESCENT 

1.2 

11,000 

825 

13,000 

60,000 

45,000 

35, QuO 

8,000 

1.4 

380 

30 

435 

5,600 

4,000 

3,500 

850 

1.6 

25 

3 

28 

500 

350 

800 

no 

1.8 

4.5 

0.7 

5 

70 

35 

250 

20 

2.0 

1.8 

15 

5 

90 

2.5 

2.2 

4 

1 

35 

2.4 

2 

11 

2  6 

1 

4.5 

2.8 

■ 

_ 

15 

TABLE  V 

C- 141  USAGE  DATA  (FLIGHT  HOUR  BASIS) 


LOGISTICS 

84.3% 

TRAINING 

15.7% 

CLIMB 

CRUISE 

DESCENT 

CLIMB 

CRUISE 

DESCENT 

13.6% 

81.1% 

5.3% 

18.2% 

49.6% 

32.2% 
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Extrapolating  the  maneuver  load  factor  data  of  Table  IV 
and  applying  the  percentage  utilizations  of  Table  V  results 
in  the  maneuver  load  factor  exceedances  of  Figure  23  for 
one  C-14]  lifetime  of  30,000  flight  hours. 

C-141  usage  data  also  provides  payload  utilization  information 
which  is  summarized  in  Figure  24.  The  data  points  are  shown 
and  extrapolation  is  used  io  determine  possible  extremes  of  pay- 
load.  Note  that  payloads  are  extrapolated  beyond  the  design 
limit  payload.  Truncation  of  payloads  at  120%  in  this  case  is 
arbitrary.  Flowever,  in  actual  cases,  reasonable  upper  limits 
can  probably  be  established  through  cargo  density-available  volume 
relationships  or  other  means. 

Maneuver  load  factor  -  payload  joint  probabilities  are  shown  in 

Figure  25  as  derived  from  the  data  of  Figures  23  and  24,  In  ac- 
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cordance  with  the  recommendations  of  Section  VIII,  a  10" 
probability  of  occurrence  per  aircraft  lifetime  is  used  for  Omega 
conditions  and  a  1.0  probability  of  occurrence  per  aircraft  lifetime 
is  used  for  limit  conditions. 

In  order  to  facilitate  the  selection  of  design  loading  conditions 
from  these  data,  real  payload  and  gross  weight  values  are  intro¬ 
duced  and  the  product  of  maneuver  load  facto,  and  gross  weight 
is  plotted  against  payload  as  shown  in  Figure  26  for  limit  con¬ 
ditions  and  in  Figure  27  for  Omega  conditions.  Lacking  further 
statistics,  it  is  assumed  that  the  load  factor  -  poyload  combinations 
con  occur  with  any  given  fuel  quantity  present. 

In  Figure  26  the  lunge  of  limit  conditions  to  be  investigated  is 
shown  and  since  limit  conditions  represent  normal  operations,  the 
envelope  is  cut  off  by  a  design  payload  limitation  and  a  maximum 
takeoff  gross  weight  limitation.  To  complete  the  loads  analysis, 
the  symmetrical  maneuver  analysis  requirements  of  MIL-A-008861 A 
are  to  be  applied  using  limitations  on  center  of  gravity  limits,  speeds, 
etc.  established  by  normal  operational  placard .  Note  that  the 
maximum  N-.W  of  some  874,000  in  Figure  26  is  of  the  same  order 
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C— 141  MANEUVER  LOAD  FACTOR  PROBABILITY 
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FIGURE  26  C-141  LIMIT  LOAD  CONDITIONS 


10*  ^  PROBAB!'  1TY 


FIGURE  27  C-141  OMEGA  LOAD  CONDITIONS 


as  the  C— 141  design  limit  n^W  of  approximately  800,000. 

The  relative  criticality  of  the  two  levels  is  not  known,  however, 
since  they  occur  at  entirely  different  combinations  of  fuel  weight, 
payload,  and  maneuver  load  factor. 

In  Figure  27  the  range  of  Omega  conditions  to  be  investigated 
is  shown.  With  the  lack  of  further  statistics,  these  combinations 
are  analyzed  using  the  symmetrical  maneuver  requirements  of 
MIL-A-008861  A.  Note  that  the  maximum  n^W  of  approximately 
1,400,000  in  Figure  27  is  of  the  same  order  as  the  C-141  ultimate 
n-,W  of  approximately  1,200,000.  Again,  the  relative  criticality 
of  the  two  levels  is  not  known. 


SECTION  V 

CHOICE  OF  DESIGN  LOADS 


5.1  Introduction 

a.  Reference  1  has  shown  that  a  purely  probabilistic  determination 
of  design  load  requirements  is  not  acceptable  for  the  design  of 
flight  vehicles.  Rather,  the  probabilistic  loads  descriptions  must 
be  used  to  obtain  discrete  deterministic  limit  and  omega  design 
conditions.  The  loads  for  the  design  conditions  are  then  utilized 
for  stress  design  analysis  just  as  if  the  tads  had  been  calculated 
using  the  present  deterministic  design  criteria,  except  that  the 
factor  of  safety  is  that  requires  for  a  given  structural  reliability 
instead  of  an  arbitrary  value  such  as  1.5.  Thus,  once  the  de¬ 
terministic  design  conditions  are  obtained,  continuity  is  maintained 
with  the  present  design  procedures. 

b.  There  are  three  main  problem  areas  involved  in  the  determination 

of  the  design  conditions  and  loads  for  a  structural  reliability  analysis. 
The  three  problem  areas  are  as  follows: 

1)  The  determination  of  loads  spectra  which  adequately  reflect 
the  utilization  of  the  flight  vehicle  and  the  extreme  maximum 
loads. 

2)  The  representation  of  loads  by  a  single  parameter  which  is 
compatible  with  strength. 

3)  The  selection  of  limit  and  omega  conditions  and  loads  in 
a  multi-parameter,  multi-load  source  environment . 

c.  It  is  the  intent  of  this  section  to  determine  the  data  required  and 
available,  solutions  to  the  three  problem  areas  and  to  recommend 
procedures  for  determining  the  design  loads  while  maintaining  con¬ 
tinuity  with  the  present  design  procedures. 

5.2  Data  Required  for  the  Determination  of  Loads  Spectra 

a.  In  order  to  determine  design  load  requirements  on  a  structural 
reliability  basis,  separate  limit  and  omega  load  spectra  must 
be  calculated.  When  only  one  or  two  parameters  determine  the 
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external  loads,  such  as  longitudinal  load  factor  for  a  rocket, 
load  spectra  can  be  easily  calculated.  However,  for  most 
aircraft  the  structural  loads  are  o  function  of  several  parameters 
which  are  often  dependent  upon  each  other.  Therefore,  the 
probability  of  occurrence  of  each  of  the  parameters  cannot  be 
separately  determined  and  then  combined  to  get  the  joint  prob¬ 
ability  of  occurrence. 

b.  Two  separate  influences  can  be  postulated  whose  combination 

is  essential  to  the  proper  definition  of  probabilistic  load  spectra. 

1}  Probability  of  Configuration;  The  combinations  of  parameters 
such  as  gross  weight,  weight  distribution,  height,  speed, 
and  aerodynamic  configuration . 

2)  Probability  of  Load  Source:  Several  further  parameters 

are  involved  in  the  determination  of  structural  load  levels 
for  each  load  source  (e.g.  gust,  symmetric  maneuver,  etc.). 
In  the  case  of  wing  steady  symmetric  maneuver  loads,  for 
example,  the  principal  parameter  is  vertical  load  factor. 

The  probability  of  load  occurrence  must  be  obtained  for 
each  of  the  load  sources. 

c.  The  probability  of  configuration  con  be  determined  either  by  the 
analysis  of  assumed  mission  profiles  or,  in  the  case  of  operational 
aircraft,  by  the  analysis  of  aircraft  usage  data.  The  mission  pro¬ 
files  ore  based  upon  the  operator's  intended  or  actual  usage  of 
the  aircraft.  In  the  post,  mission  profiles  hove  been  generated 
primarily  for  fatigue  analysis.  Asa  result,  c-nly  average  fligiu 
conditions  within  the  operational  limitations  (no  omega  conditions) 
were  considered,  for  example,  the  C- HI  logistics  design  mission 
profiles  consider  only  standard  handbook  climb,  cruise,  and  descent 
speed-altitude  schedules.  Such  profiles  ore  acceptable  fo*  fatigue 
analysis  where  primary  concern  is  overage  loading  conditions,  but 
not  for  a  statistical  determination  of  extreme  loading  conditions,  os 
required  for  the  proposed  structural  design  criteria.  Figure  28 
demonstrates  tire  scatter  in  the  spoed-oltltude  statistics  for  the 

C— 141  medium  range  logistics  mission  data  as  obtained  from  the 
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Flight  Monuof  Normal  Operations 


SPEED-A ITJTUDE  STATISTICS  FOR  MEDIUM  RANGE  LOGISTICS  MISSIONS 


analysis  of  V-G-H  data.  The  statistical  scatter  of  flight 
and  mass  parameters  can  be  accounled  for  in  the  mission 
profiles  by  one  of  two  methods. 

1)  Develop  a  large  number  of  mission  profiles  which 
encompass  the  significant  ranges  of  the  parametric 
statistical  scatter. 

2)  Develop  a  limited  number  of  mission  profiles  but 
bias  the  parameters  such  t!_,t  extreme  loads  due  to 
the  actual  parametric  scatter  are  included.  For 
example,  since  increased  airspeed  causes  increased 
gust  loads,  rather  than  use  the  mean  airspeed  for  a 
given  altitude,  the  airspeed  vlroutd  be  biased  above 
the  mean . 

In  order  ta  account  for  such  statistical  scatter  in  the  mission 
profile  parameters,  data  must  be  obtained  either  front  similar 
operational  aircraft  or  from  computer  simulated  analyses. 

Omega  conditions  must  alto  be  included  in  the  mission  pro¬ 
files.  Such  conditions  may  bo  the  result  of  intentional  violation 
of  the  operating  restrictions  such  as  exceeding  maximum.  cargo 
weight,  or  the  tend*  of  the  foilure  of  such  ii-gm;.  as  automatic 
controls,  engines,  e-  ,  Ti  g  $«?«<t>en  oO<*«  ©me$e  condition* 
is  bcKid  upon  the  analyst;.  of  operational  data  for  dmitor  air¬ 
craft  and-’or  computer  simulated  analyses  which  inciuoe  preb- 
ofeilistic  systems  failure’. 

It  is  not  reconw^ded  that  separate  sets  of  mmiua  profiles  be 
ccve loped  for  tatrgyc  arvjf  »ia?ic  strength  structural  rali'!sbil>ty 
cnoiys»v.  Rather,  one  set  of  mlss'on  profiles  shauid  be  estab¬ 
lishes  which  odeguotely  meet  the  requirements  for  both  onolytes . 

Probability  0*  toed  bounce 

For  o  grven  load  source,  such  as  steady  vertical  nairewc: .  the 
probability  of  occurrence  of  the  principal  parameters  must  be 
determined .  for  a  con  .-entiona}  aircraft  the  probabilities  of 
orcurrence  for  such  parameters  can  be  delr  tmined  from  either 


Reference  9.  For  instance,  the  probability  of  occurrence 
of  vertical  maneuver  '  fcctor  is  delineated  in  MIL-A-8866 
foi  various  types  of  an.  aft.  However,  there  are  some  parameters, 
such  as  aileron  input  during  rolling  maneuvers, which  require 
measurements  not  only  of  al  deflection  (magnitude),  but  also 
a  time  history  so  that  deflection  rates,  and  deflection  duration 
can  be  ascertained.  As  a  result,  much  of  the  data  needed  to 
determine  probabilistic  loads  spectra  are  either  not  available  at 
all  or  not  available  in  sufficient  detail.  Also,  in  the  case  of 
a  radically  new  design  such  data  would  not  be  available  (with 
the  possible  exceptions  of  atmospheric  turbulence  and  runway 
rough. .ess  data)  until  either  V-G-H/G-L-S  data  for  the  aircraft 
has  been  collected  and  analyzed,  or  obtained  from  computer 
simulation  analyses. 

e.  In  order  to  evaluate  the  significance  of  various  parameters  for 
strength  vertical  maneuver,  a  statisticc1  analysis  was  performed 
for  the  C— 141  cargo  transport.  As  discussed  previously,  steady 
vertical  maneuver  is  just  one  of  the  many  load  sources  which 
contribute  to  the  total  probability  of  load  occurrence.  Figure 
29  presents  the  results  of  the  steady  vertical  analysis  for  the 
30,000  flight  hour  design  lifetime.  Three  different  parameters 
were  selected  to  represent  per  cent  limit  load  as  follows: 

1)  Vertical  Load  Factor  (N^)  -  This  parameter  reflects  only 
the  mission  usage  of  the  aircraft. 

2)  Vertical  Lood  Factor  -  Gross  Weight  Product  (N^xW)  - 
This  parameter  reflects  both  mission  and  gross  weight 
utilization. 

3)  Actual  Wing  Bending  Moment  (M'^)  -  This  parameter 
reflects  mission,  gross  weight,  weight  distribution,  center 
of  gravity,  airspeed,  altitude,  and  aerodynamic  config"ra- 
tion  utilization. 


*G-l-S  =  Ground  Load  Survey 


Grossly  different  probabilities  of  loads  are  obtained  based 
upon  the  choice  of  parjmeter.  As  tabulated  below,  the  prob¬ 
ability  of  100%  limit  load  occurrence  decreases  significantly 
as  more  of  the  utilization  parameters  are  included  in  the  analysis. 


Parameter: 

N-7 

L- 

NZW 

M’x 

Cumulative  Probability 

7 

of  Limit  Load 

10° 

10"2 

UP 

f.  Statistical  loads  analysis  must  therefore  properly  account  for 
the  utilization  of  all  parameters  which  significantly  affect  the 
loads.  Overall  ioad  parameters  such  as  or  N^W  can  lead 
to  overly  conservative  design  load  requirements. 

Data  Available  and  Methods  of  Determining  Load  Spectra 

a.  Table  VI  presents  a  summary  of  data  available,  recommended 
analysis  methods  and  significant  analysis  problem  areas.  Even 
where  it  is  indicated  that  large  amounts  of  data  are  available, 
more  data  would  be  useful,  as  the  available  data  is  primarily 
within  the  operating  restrictions.  Therefore,  the  data  must 
often  be  extrapolated  to  obtain  data  in  the  omega  operational 
regime.  Such  extrapolation  can  be  accomplished  by  fitting  the 
available  statistical  data  with  a  probabilistic  distribution  such 
as  Gumbel's  extreme-value  distribution. 

b.  Of  the  loads  sources  considered  in  Table  VI,  there  are  only  two, 
atmospheric  turbulence  and  taxi,  takeoff  and  runout  operations, 
for  which  power-spectral  rather  than  discrete  loads  analyses  are 
recommended.  Power-spectral  methods  are  recommended  for  the 
analysis  of  atmospheric  turbulence  in  lieu  of  a  discrete  gust 
approach.  Reference  10  contains  an  evaluation  of  power  spectral 
gust  analysis.  The  response  of  an  aircraft  to  atmospheric  turbulence 
and  the  resultant  structural  loads  depends  not  only  upon  the  gust 
velocity  and  wavelength  at  a  given  instant,  but  also  upon  the 
immediately  preceding  turl  jlence.  Clear  air,  thunderstorm,  and 
low  level  turbulence  pr  ,  _^n<inately  display  the  characteristics  of 
continuous  turbulence  with  some  severe  discrete  gusts.  The  turbu¬ 
lence  is  random  in  nature  with  varying  gust  velocities  and  wave¬ 
lengths,  which  supports  the  continuous  turbulence  model  of  the 
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atmosphere  used  for  power-spectral  gust  analyses  as  opposed 
too  discrete  gust  model.  Aiso,  in  c  discrete  gust  analysis, 
the  elastic  mode  offsets  are  highly  sensitive  to  gust  wave¬ 
length.  Thepredominant  practice  for  discrete  gust  analyses 
is  to  assume  a  gust  wavelength  which  is  a  given  multiple  of 
the  wing  mean  aerodynamic  chord  length.  However,  in  order 
to  be  realistic,  the  discrete  gust  analysis  would  have  to  account 
for  the  joint  probability  of  gust  wavelength  and  velocity.  Such 
data  are  not  available  and  are  not  likely  to  become  available. 

c.  It  has  long  been  recognized  that  atmospheric  turbulence  is  three 
dimensional  with  spatial  distributions.  Recent  analyses  have 
indicated  that  maximum  structural  loads  may  be  obtained  from 
combined  vertical  and  lateral  gust  velocities.  Power-spectral 
gust  analysis  can  be  extended  to  include  the  response  of  the 
aircraft  to  three  dimensional  spatial  dependent  turbulence. 
Reference  1 1  has  developed  a  feasible  approach  to  s-.jh 
analysis.  Further  work  along  these  lines  is  being  continued 

at  the  Lockheed-Georgia  Company  under  contract  with  the 
Air  Force  Flight  Dynamics  Laborctorv 

Therefore,  it  is  concluded  that  the  power-_ptctral  gust  analysis 
will  yield  design  loads  which  most  adequately  reflect  both  the 
actual  atmospheric  turbulence  and  the  elastic  mode  effects. 

d.  Power- spectra  I  analysis  of  atmospheric  turbulence  does  have 
one  significant  problem  which  involves  the  determination  of 
load  componert  phasing .  Fora  large,  dynamically  responding, 
flexible  aircraft,  the  loads  are  not  in  phase.  For  example, 
wing  root  bending  may  maximize  at  a  quite  different  time  thar 
wing  root  torsion  or  shear.  It  is  necessary  to  determine  load 
phase  relationships  in  order  to  obtcln  discrete  load  conditions  for 
the  structural  reliability  and  design  stress  analyses, 

e.  Power-spectral  analysis  is  also  recommended  for  the  analysis 
of  toxi,  takeoff  and  runout,  for  essentially  the  same  reasons 

as  for  atmospheric  tuibulenco.  Power-spectral  analysis  for  such 
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ground  operations  is  analogous  to  that  for  atmospheric  turbu¬ 
lence  except  runway  and  taxiway  roughness  is  the  source  of 
the  power-spectral  density  rather  than  atmospheric  turbulence. 
References  9  and  12  contain  criteria  and  methods  for  the 
power-spectral  analysis  of  tax;  conditions. 

f.  As  noted  in  Table  VI  sufficient  data  is  not  available  for  a 

purely  probabilistic  determination  of  all  loads  spectra.  This 
is  true  particularly  for  abrupt  control  input  conditions  such  as 
abrupt  vertical  maneuver,  aileron  roll  or  rudder  kick.  In 
such  instances  either  assumptions  can  be  made  in  order  to 
obtain  the  loads  spectra,  or  loads  spectra  will  not  be  deter¬ 
mined,  thus  forcing  the  selection  of  limit  and  omega  load 
conditions  on  an  engineering  judgment  basis. 

5 . 4  Recognition  of  Aircraft  Limitations 

a.  It  has  often  been  suggested,  as  in  reference  13,  that  there  is 
no  practical  limitation  of  maneuver  load  factor  capability  for 
modern  high  speed  transports.  This  is  true  at  high  airspeeds 
coupled  with  low  mach  numbers,  but  at  the  airspeed  -  Mach 
Number  combinations  at  which  the  aircraft  is  predominantly 
operated,  there  can  be  definite  limitations.  Figure  30  presents 
the  2.5g  symmetrical  maneuver  stall  speeds  fcr  the  C- 1 4 1 
transport  at  two  different  gross  weights.  Approximately  65%  of 
an  average  C-14I  lifetime  is  spent  in  cruise  during  logistic 
missions.  The  flight  manual  cruise-climb  schedule  is  also  shown 
on  Figure  30  as  a  function  of  gross  weight.  It  is  noted  that  for 
the  two  gross  weights  shown  the  cruise  equivalent  airspeed  is  well 
below  the  corresponding  2.5g  stall  speeds.  In  fact  the  maximum 
obtainable  load  factor  obtainable  for  the  cruise-climb  schedule 
is  approximately  1.6  for  both  gross  weights.  Therefore,  it  is 
concluded  that  it  is  not  realistic  to  take  limited  measured  load 
factor  spectra  and  extrapolate  to  some  extreme  load  factor  without 
accounting  for  aircraft  limitations  such  as  aerodynamic  stall  or 
control  limits. 
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FIGURE 


b.  Figure  31  shows  the  effects  of  considering  aerodynamic 

''all  limitations  on  a  C-141  wing  vertical  bending  moment 
spectrum.  At  100%  of  limit  vertical  bending  moment,  the 
truncation  of  the  load  factor  spectrum  at  stall  lift  coefficients 
causes  an  approximate  three  decade  decrease  in  the  probability 
of  exceedance. 

It  is  therefore  concluded  that  statistical  analyses  which  neglect 
aircraft  limitations  can  be  overly  conservative. 

5 . 5  Loads  Representation  Compatible  with  Strength 

a.  One  of  the  basic  requirements  of  the  proposed  structural 
design  criteria  is  that  the  loads  must  be  expressed  by  a 
single  parameter  which  is  compatible  with  strength  so  that 
the  loads  and  strength  probability  distributions  can  be  inte¬ 
grated  to  obtain  the  structural  reliability.  This  is  a  difficult 
problem,  as  the  strength  requirements  for  a  given  light  con¬ 
dition  are  determined  by 

1)  six  component  external  loading 

2)  internul  loading  due  to  such  sources  as  pressurization 
or  thermal  effects 

3)  possible  strength  degradation  at  extreme  temperatures. 

b.  The  most  accurate  way  to  account  for  the  six  component 
external  loading  together  with  internal  loading  due  to 
pressurization,  etc.,  would  be  to  perform  a  stress  spectral 
analysts.  Strength  degradation  due  to  elevated  temperatures 
could  be  accounted  for  by  grouping  similar  strength  degradation 
conditions  and  performing  individual  probability  of  fail. ire  cal¬ 
culations,  the  sum  of  which  must  be  equal  to  the  desired 
probability  of  failure.  Also,  since  stress  spectral  analyses 
are  performed  for  particular  structural  locations,  such  as  a 
joint  at  a  given  wing  station,  an  error  Function  which  is  ap¬ 
plicable  to  joint  structure  in  particular  could  be  used  rather 
than  a  general  error  function .  However,  stress  spectral  analyses 
are  not  feasible  during  initial  design  stages.  Therefore,  an 
alternative  approach  must  be  taken  in  order  to  initially  define 
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the  strength  requirements.  Obviously  some  concessions 
must  be  mode  in  the  extent  that  the  loads  representation 
is  compatible  with  the  strength. 

c.  Under  present  design  procedures,  design  loads  are  often 
obtained  by  developing  load  envelopes  at  selected  com¬ 
ponent  stations.  The  conditions  which  define  the  loads 
envelopes  are  then  the  design  load  conditions.  After  stress 
analysis  of  the  design  load  conditions,  t'.rsngth  envelopes 
are  obtained  by  expanding  the  load  envelopes  to  zero  margin 
of  safety.  Figure  32  presents  typical  envelopes  for  a  C-141 
wing  station.  If  vertical  bending  moment  and  torsion  are  taken 
to  be  the  significant  load  components,  an  approximation  of 
the  per  cent  strength  for  a  given  load  condition  can  be  obtained 
by  ratioing  the  magnitude  of  the  bending-torsion  vector  to  the 
magnitude  of  the  envelope  vector  having  the  same  direction. 

A  similar  procedure  can  be  adapted  for  the  proposed  structural 
design  criteria,  except  that  the  envelopes  are  defined  by  the 
statistical  limit  and  omega  load  conditions.  The  load  spectra 
for  limit  and  omega  conditions  are  then  defined  as  a  per  cent 
of  the  appropriate  loads  envelopes.  Pressurization  and  thermal 
stress  effects  either  result  in  increased  or  decreased  external 
loads  capability  at  a  given  component  station.  The  loads  spectra 
could  be  adjusted  to  approximate  such  effects  by  factoring  *he 
loads  spectra  for  each  individual  flight  condition.  For  instance, 
if  pressurization  for  flight  at  a  given  altitude  were  lo  decrease 
bending  moment  capability  by  10%  at  a  particular  load  station, 
the  load  spectra  for  flight  at  that  altitude  should  have  the  load 
magnitudes  multiplied  by  1.11  (1/.9),  Strength  degr  dation  due 
to  extreme  temperatures  can  also  be  handled  by  factoring  the  loads 
spectra  for  such  conditions  if  the  strength  coefficient  of  variation, 

(  S  )  does  not  vary  significantly.  If  S  does  vary  significantly, 
then  loads  spectra  for  separate  strength  degradation  regimes  can 
be  calculated  and  separate  probability  of  failure  analyses  performed 
with  the  total  probability  of  failure  divided  amongst  the  strength 
degradation  regimes. 
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FIGURE  31  EFFECT  OF  STALL  CUTOFF  ON  MANEUVER  LOAD  SPECTRUM 


FIGHRE  32  EXAMPLES  OF  C-JAl  PARTIAL  LIMIT  STRENGTH  ENVELOPES 


d.  It  is  rec  nized  that  sue  jpproximations  may  involve 
considerable  error .  However,  for  the  initial  design 
analysis  such  approximations  must  be  made  in  ' er  to 
mak-^  the  loc'h  representation  compatible  with  the-  for 
strength.  More  sophisticated  methods  such  as  stress  spectral 
analysis  can  be  used  for  subsequent  or  update  analyses. 

Selection  of  Limit  and  Omega  Conditions  and  Loads 

a.  As  previously  discussed,  deterministic  1  i m i t  and  omega 
conditions  must  be.  selected  in  order  to  maintain  continuity 
with  present  design  procedure;.  In  general,  several  limit 
and  omega  conditions  will  be  necessary  in  order  to  adequately 
design  the  structure.  Figure  33  presents  a  vertical  bending 
moment  -  torsion  partial  limit  strength  envelope  >gether  with 
the  original  design  load  requirements  for  a  C-141  inboard 
wing  station.  Positive  maneuver  alone  causes  Jx  different 
design  conditions  with  widely  varying  vertical  bene  ig  moment- 
torsion  combinations.  Other  C-l4l  wing  stations  hove  different 
design  conditions.  For  example,  the  vertical  bendina  moment 
requirements  for  the  outboofd  wing  are  primarily  caused  by  aileron 
roll  conditions  rather  than  vertical  moneuver  In  addition, 
different  major  structural  components  hove  different  loading  con¬ 
ditions  which  cause  maximum  loads.  For  instance,  lateral  gust 
may  cause  significant  vertical  stabiliser  and  fuselage  o'tbody 
loads,  but  have  negligible  effect  or’  wing  loads. 

b.  Following  the  determination  of  the  aircraft  utilization  data  re¬ 
quired,  data  available,  o  >d  the  methods  to  be  used  in  the 
determination  of  the  limit  and  omega  Iona  spectra,  the  following 
paragraphs  outline  the  procedures  used  to  determir?  the  limit  and 
omego  load  eruditions. 


c.  the  normal  operational  limits  for  the  parameter  which  are  user 
controlled  must  be  determined  in  ordei  to  differentiate  between 
limit  and  omega  operational  conditions.  These  limits  should  be 
based  upon  statistics  where  possible .  For  example#  maximum 
allowable  vertical  maneuver  load  ioctor  cart  be  presented  os  o 
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c- 14 1  wise  PARTIAL  LIMIT  STRENGTH  VERTICAL  BENDING  -  TORSION  ENVELOPE 


function  of  cargo  weight  or  any  other  significant  load 
parameter  on  a  joint  probability  of  exceedance  basis, 
such  os  is  demo,  strafed  in  Section  IV.  A$  also  discussed 
in  Section  IV,  when  lacking  applicable  statistics,  the  limit 
airspeed  can  be  taken  as  V^,  the  maximum  level  flight 
speed,  while  the  omega  airspeed  can  be  taken  as  V^ ,  dive 
speed.  Maximum  limit  fuel-cargo  combinations  can  be  ob¬ 
tained  from  fuel  tanks  full  with  the  intended  fuel  density  and 
limit  gross  weight  considerations  while  those  for  omega  can  be 
obtained  from  fuel  tanks  full  with  increased  fuel  density,  and 
omega  gross  weight  limitations.  The  cente:  oi  gravity  limits 
for  limit  conditions  can  be  those  without  adverse  tolerances, 
while  those  for  omega  conditions  ore  expanded  to  include  at 
least  the  Military  Specification  tolerances. 


The  limits  on  user  canitolled  parameters  define  the  normal, 
overload,  and  gross  overload  operational  regimes  for  each  of 
the  parameters.  As  such,  the  limits  must  be  presented  in  a 
form  which  con  be  reod'ty  adhered  to  by  the  user,  for  in¬ 
stance,  maximum  maneuver  load  factoi  should  not  be  a  function 
of  several  parameters  such  that  the  allowable  loan  factor  would 
be  constantly  varying  during  a  flight,  figure  T4  presents  ex¬ 
amples  of  limits  for  uset  controlled  parameters.  It  must  be  noted 
that  the  combinations  of  the  user  con  oiled  parameters  to  be 
uteri  for  desi  hove  no*  been  determined  yet .  Such  cembinottom 
ore  obtained  b,  ie  determination  of  limit  and  omega  design  con¬ 
ditions. 

d.  Load  control  stations  must  be  selected  for  each  major  structural 
component  In  order  to  obtain  a  minimum  feasible  number  of 
structural  locations  for  consideration  in  the  design  loads  investi¬ 
gation.  As  pra  iously  discussed,  significant  combinations  of  load 
component!  ars-  fhensela^’ed  in  order  to  obtain  load  envelopes 
which  d'C  the  most  compofible  with  tfse  strength  requirements. 
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If  o  stress  spectra!  analysis  is  conducted  the  load  com¬ 
ponents  are  converted  directly  to  stress  at  individual  locations. 

As  such,  envelopes  are  not  needed. 

There  are  several  loads  sources  for  which  the  loads  are  deter¬ 
mined  mainly  by  user  controlled  parameters.  These  loads 
sources  are:  directional,  lateral,  and  vertical  maneuvers, 
and  manual  landing  impact.  The  maximum  obtainable  loads 
for  such  loads  sources  are  mainly  determined  by  the  limits 
on  the  user  controlled  parameters.  Such  maximum  loads  may 
occur  for  combinations  of  parameters  having  a  remote  probability 
of  occurrence  yet  they  still  represent  operations  within  the 
defined  limits  of  normal  operation. 

There  are  two  ways  in  which  the  load  envelopes  can  be  deter¬ 
mined  for  such  loads  sources.  The  first  approach  is  purely  statis¬ 
tical  in  that  the  loads  envelopes  are  determined  on  a  probability 
of  occurrence  basis.  That  is,  the  maximum  loads  would  be  those 
that  occur  for  the  limit  and  omega  probabilities  of  occurrence. 

Such  an  envelope  Is  shown  in  Figure  35. 

However  -  there  is  a  drawback  associated  with  this  approach  for 
multi-parameter  environments.  The  limit  and  omega  envelopes 
define  the  normal,  overload,  and  gross  overload  regimes.  As 
such,  the  individual  user  mus*  know  what  combinations  of  user 
controlled  parameters  will  result  in  loads  which  are  within  either 
the  normal  or  overload  regimes.  If  the  envelopes  are  defined  on 
a  probability  basis,  then  it  would  still  be  possible  to  obtain  loads 
in  the  overload  or  gross  overload  regimes  for  combinations  of  user 
controlled  parameters  while  each  of  the  parameters  is  within  the 
previously  prescribed  limits  for  normal  operation. 

It  would  also  be  possible  to  obtain  loads  in  the  gross  overload 
regime  for  combinations  of  parameters  while  each  of  the  parameters 
is  within  the  previously  prescribed  limits  for  overload  operation. 
Granted,  the  probability  of  occurrence  of  such  combinations  of 
parameters  may  be  remote,  nevertheless,  in  order  to  maintain 
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FIGURE  35  EXAMPLE  OF  LOAD  ENVELOPS 
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confidence  in  the  structural  reliability  design  analysis,  the 
user  must  know  what  combinations  of  user  controlled  parameters 
will  maintain  the  flight  vehicle  loads  within  either  the  normal 
or  at  least  the  overload  regimes. 

In  a  multi-parameter  environment,  the  determination  of  the 
limit  and  omega  conditions  on  a  purely  probabilistic  basis 
will  not  adequately  define  such  combinations  of  user  controlled 
parameters.  Therefore,  it  is  suggested  that  at  least  initially  the 
limit  and  omega  conditions  should  be  those  which  cause  the 
maximum  loads  for  all  combinations  of  user  controlled  parameters 
when  each  of  the  parameters  is  within  the  respective  limit  or 
omega  restrictions.  As  a  result,  it  would  be  impossible  to  have 
loads  in  the  overload  or  gross  overload  regime  if  the  loads  are 
caused  entirely  by  user  controlled  parameters  and  if  each  of  the 
parameters  is  within  the  prescribed  limits  of  normal  operation. 

It  would  also  be  impossible  to  obtain  loads  in  the  gross  overload 
regime  if  each  of  the  parameters  is  within  the  prescribed  overload 
limits.  Thus,  the  user  can  confidently  operate  the  flight  vehicle 
anywhere  within  the  prescribed  limits  and  still  remain  within  the 
desired  load  regimes. 

Such  an  approach  not  only  maintains  continuity  with  present  design 
procedures,  but  oho  provides  additional  confidence  in  the  structural 
reliability  analysis. 

As  previously  discussed,  separate  envelopes  must  be  developed 
for  flight  regimes  where  such  effects  as  thermal  stress  or  pressuriza¬ 
tion  significantly  affect  the  external  load  capability  of  the  struc¬ 
ture. 

There  are  several  loads  sources  which  are  beyond  the  control  of 
the  user.  Such  load  sources  include  atmospheric  turbulence,  and 
landing  impact  for  automatic  landings  Severe  atmospheric  turbu¬ 
lence  can  be  avoided  to  some  extent,  but  such  avoidance  tech¬ 
niques  ore  reflected  in  the  models  of  .atmospheric  turbulence  which 


are  based  on  measured  data.  As  a  result,  other  than 
adhering  to  the  intended  utilization  of  the  flight  vehi<_<e 
o.:d  maintaining  the  user  controlled  parameters  within  the 
prescribed  limits,  the  user  has  relatively  no  control  over 
the  probability  of  occurrence  of  such  loads  sources.  There¬ 
fore,  the  limit  and  omega  conditions  for  such  loads  sources 
can  be  established  on  a  purely  probabilistic  basis.  Limit 
and  omega  load  envelopes  for  the  selected  loads  control 
station  are  then  developed  such  that  the  probability  of 
exceedence  of  the  respective  envelopes  '  ‘Hat  for  limit 
or  omega  conditions  as  discussed  in  Section  » II.  The  limit 
and  omega  conditions  for  each  of  the  individual  load  sources 
are  then  those  conditions  which  define  the  corners  of  the  load 
envelopes. 

As  previously  discussed  separate  loads  envelopes  must  be  developed 
for  flight  regimes  where  such  effects  os  thermal  stress  or  pressuri¬ 
zation  significantly  offect  the  external  load  capability  of  the 
structure. 

g.  As  previously  discussed,,  the  loads  spectra  must  be  representad  In 
terms  of  o  single  parameter  which  is  compatible  with  strength.  The 
loads  spectra  are  therefore  represented  as  percentages  of  the  perti- 
nent  envelopes.  Where  sufficient  data  is  not  available  to  develop 
load  spectra,  load  spectra  must  either  be  assumed  or  a  given  load 
level  designated  which  Hess  a  probability  of  occurrence  of  one. 

If  a  stress  spectral  analysis  is  performed,  the  loads  are  expressed 
directly  In  term  of  stress  ot  a  given  structural  location,  which  U 
the  ideal  situation. 

h.  As  previously  discussed,  there  ore  several  loads  sources,  such  os 
vertical  maneuver,  pust,  and  landing  impoct.  Eochof  the  loods 
sources  hos  an  independent  probability  of  occurrence.  Therefore, 
the  loads  spectra  for  each  loom  source  ore  independent.  For  inde¬ 
pendent  probability  distributions,  the  totol  probability  of  occurrence 
is  expressed  by  the  following  low,  m  stated  in  &efergr  s  14. 
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p,<?.  Ai>» 


X  P,(A  )  -  l  P  (AjA.)  +  Xp(AAA) 

i=l  r  '  j>i  r  '  1  k>j^i  *  k 


Where: 


-*Pr(AlA|V|)  +  •  •  •  ■ 

!  >  k  >  J  >  i  1,7) 


n 

Pr  (  A.)  is  the  total  probability  that  a  given  load 

will  occur  for  at  least  one  of  n  loads  sources. 

Pr( A. )  is  the  probability  that  the  load  will  occur  for  the 
ith  load  source,  A. 


Pr(A.A.)  is  the  joint  probability  that  the  load  will  occur 

for  either  the  ith  or  jth  load  source,  A.  or  A.. 

'  'I 

and  so  on. 


For  three  loads  sources  the  law  is: 


P(Aj+A^+A^)  *  PfAj)  +  P^)  +  P(A3>  -  P(A,A2)  -  P( A^) 


.p(a2a3)+p  (a1a2a3) 


(8) 


It  should  be  noted  thot  although  atmospheric  turbulence  is  inde¬ 
pendent  of  other  load  sources,  such  as  lending  impact,  the  various 
components  of  atmospheric  turbulence,  such  os  positive  and  negative 
vertical  and  lateral  gusts,  ore  not.  This  is  due  to  the  isotropic  nature 
of  atmospheric  turbulence.  Therefore,  if  the  structural  reliability  of 
a  given  structure  is  .999  for  positive  vertical  gust,  ond  the  soma  for 
negative  vertical  gust,  *o»al  structural  reliability  is  .999,  not 
.998. 


There  ore  two  reasons  for  initially  not  using  the  preceding  law. 

1)  Discrete  deterministic  design  conditions  must  be  obtained. 
In  order  to  obtain  such  design  conditions,  the  individual 
load  sources  must  be  analyzed  Independently . 

There  are  some  load  sour.  .  for  which  load  probability 
spectra  o«sy  not  be  developed. 
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Therefore,  the  procedure  to  be  used  is  as  follows: 

1)  Perform  a  separate  reliability  analysis  for  each  of  the 
loads  sources  and  obtain  the  factored  design  load  require¬ 
ments  for  each  loads  source  at  a  given  structural  location. 

2)  Merge  the  individual  load  source  design  requirements  to 
obtain  the  overall  requirements  at  the  given  structural 
location. 

3)  Use  the  law  of  total  probability  for  all  of  the  load  spectra 
available,  and  obtain  the  total  reliability  for  the  overall 
design  requirements  from  (2). 

4)  If  necessary,  apply  a  factor  to  the  overall  design  load 
requirements  in  order  to  obtain  the  desired  total  reliability 
at  a  given  structural  location. 

5)  The  structural  reliability  for  each  individual  loads  source 
can  then  be  determined  based  upon  the  overall  design  loads 
requirements. 

The  preceding  methods  therefore  account  for  the  relative  distribution 
of  the  total  structural  reliability  between  the  individual  loads  sources 
and  also  allow  the  selection  of  deterministic  limit  and  omega  design 
conditions,  together  with  the  required  design  load  levels. 
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SECTION  VI 

CHOICE  OF  ALLOWABLE  STRENGTH 


Introduction 

a.  It  would  seem  at  first  that  a  probabilistic  criteria  system  only 
requires  knowledge  of  the  mean  strength  and  a  measure  of  the 
dispersion  (the  standard  deviation,  for  example).  Two  factors 
dispel  this  illusion;  the  first  is  the  necessity  for  some  simple 
definition  which  can  be  used  by  the  designers  to  assess  the 
required  sizes  of  the  structural  members,  and  the  second  is 

the  restraint  imposed  by  the  need  to  associate  load  and  strength 
distributions  on  a  common  scale. 

b.  Present  practice  uses  particular  values  in  the  observed  statistical 
distribution  as  design  allowables.  In  terms  of  local  linear  stress, 
these  are  adequate.  Difficulties  arise  as  soon  as  the  realistic  load 
systems  are  invoked.  The  combinations  of  bending  moment,  shear, 
torsion,  end  load  and  transverse  pressure  which  exist  within  a  struc- 
ture  such  as  a  wing  make  the  selection  of  the  allowable  load  less 
than  clear.  Other  sections  of  this  report  describe  the  definition 

of  the  load  system  in  a  form  which  permits  the  probability  of  failure 
to  be  assessed  (failure  being  the  association  of  a  load  with  o  lower 
strength,  or  of  o  strength  with  a  higher  load),  This  section  des- 
i.ibes  some  of  the  featutes  which  constitute  the  description  of  the 
allowable  toad  for  o  structure, 

c.  Present  design  evaluation  nrocesses  frequently  require  the  assess¬ 
ment  of  the  permissible  value  of  one  load  parameter,  and  this  is 
generally  performed  for  discrete  values  of  other  parameters.  For 
example,  the  permissible  normal  pressure  on  a  certain  wing  panel 
might  be  assessed  at  specific  levels  of  vertical  load  factor,  or  even 
at  specific  combinations  of  vertical  load  factor,  gross  weight,  Mach 
number  and  altitude.'  the  solution  in  deterministic  terms  is  arduous 
and  inexact;  if  the  statistical  distribution  of  the  permissible  pre'  >re 
U  required,  then  the  problem  expands  by  several  magnitudes. 


d.  The  most  practical  approach,  within  the  present  state  of 
knowledge,  appears  to  be  the  relatively  crude  one  of 
determining  the  allowable  statistical  properties  of  one 
parameter  at  a  time,  assuming  conservative  and  constant 
values  of  the  other  parameters.  This  will  generally  lead 
to  over-estimates  of  the  risk,  a  result  which  is  at  least  con¬ 
servative. 

f.  The  remainder  of  this  section  discusses  the  current  methods 
of  defining  allowable  strength,  together  with  areas  where 
further  work  would  permit  the  derivation  of  at  least  part  of 
the  data  required  by  a  probabilistic  system  of  design  criteria. 

6.2  Material  Basic  Properties 

a.  The  choice  of  materials  in  the  initial  design  is  based  on 
structural  integrity,  cost,  weight,  ease  of  fabrication  and 
maintenance  requirements.  Trade-off  is  also  considered  for 
each  of  these  factors  to  determine  the  optimum  material  for 
each  aircraft  component.  The  material  selection  process 
begins  with  analysis  of  the  problem,  which  results  in  detailed 
specification  of  the  material  requirement.  The  material  require¬ 
ments  are  derived  from  the  study  of  the  attributes,  functions 
and  performance  of  the  product  being  developed  as  well  as  the 
environment  in  which  it  will  operate.  The  successful  functioning 
of  a  product  is  heavily  dependent  upon  the  materials.  The 
functional  requirements  are  directly  dependent  upon  the  desired 
attributes  of  the  product  or  upon  the  function  the  product  is 
designed  to  perform. 

The  design  strength  can  be  related  to  that  of  the  material  and  the 
geometric  configuration  The  moterial  strength  is  designated 
as  an  allowable  strength.  This  strength  con  be  either  tension, 
compression,  shear  or  bearing  depending  n  the  lood.  The  geo¬ 
metric  configuration  defines  the  strength  of  a  component  and  lis 
load  carrying  capability  prior  to  failure.  Such  strengths  os  column, 
panel  buckling  and  crippling  strength  or  instability,  fall  in  this 
category. 
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b.  The  material  allowable  strength  data  are  established  by 

standard  well-established  tests.  The  Mil-HDBK-5A  Guide¬ 
lines  define  the  types  and  number  of  tests  and  the  number  of 
heats  or  production  lots  needed  to  generate  the  required  test 
data.  These  data  will  include  sufficient  specimens  for  o 
statistical  analysis  to  be  performed  to  determine  the  data  scatter 
and  distribution.  Statistical  values  have  a  notation  of  "A" 
value  which  represent  a  99%  exceeuunce  with  93%  confidence, 

“B"  value  o  90%  exceedence  with  95%  confidence  or  "S"  value 
a  guarantee  of  minimum  by  the  producer  and  normally  included  in 
the  procurement  specification  -  "S"  value  does  not  have  any 
statistical  significance.  These  properties  normally  pertoin  only 
to  the  yield  and  ultimate  tensile  stresses  of  the  material.  Other 
material  properties  or  allowables  such  os  shear,  bearing  and  com¬ 
pression  yield  are  derived  using  limited  amounts  of  test  dato  ond  a 
presumed  relationship  as  a  ratio  of  the  A  and  B  values  of  Ftu  ond 
Fty.  Fatigue  properties  vital  in  design  are  not  within  th©  scope  of 
this  study. 

C.  The  environmental  effect  on  the  design  strength  is  olio  accounted  fes 
in  component  design  where  environment  exists  os  o  real  facto'.  The 
influence  of  temperature  on  material  strength  allowables  is  usually 
expressed  os  a  factor  to  reduce  the  room  temperature  material  strength 
allowables  depending  on  the  seventy  ond  duration.  Creep  and 
thermal  instability  ore  also  materiel  properties  to  be  token  into  con¬ 
sideration  where  severe  thermal  environment  it  a  design  condition  of 
the  vehicle.  Materials  in  contact  in  o  humid  environment  should  be 
chosen  to  ovoid  galvanic  corrosion. 

6.3  Effect  of  Processing  ond  Fabrication  on  Material  Properties 

o.  The  processing  operation  will  almost  olwoys  hove  tome  e on  the 
material  functional  or  service  performance  properties.  The  material 
allowable  documents  (Mil-HOBKs,  Spec.,  etc.)  present  allowables 
for  material  as  processed  by  the  producer  in  sheet,  plate  or  extrusion 
form  ond  with  subsequent  heo*  treatment  imposed  on  these  materials. 

It  should  be  recognized,  however,  that  the  users*  final  configuration 
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of  the  material  bears  Utile  resemblance  to  initial  materials  on 
which  the  allowable  strength  parameters  were  based.  A  point 
of  controversy  which  has  always  existed  and  has  not  yet  been 
clearly  resolved  is  the  problem  of  heat  treatment  by  the  vendor 
or  producer  (T6  temper)  as  compared  to  heat  treatment  by  user 
or  fabricator  (162  temper).  These  two  conditions  are  known  to 
give  different  allowable  properties  yet  the  designer  does  not 
differentiate  between  the  two  tempers  due  to  lack  of  knowledge 
In  the  initial  design  os  k.  the  severity  of  fabrication  requirements. 
Another  problem  of  significant  impoet  on  material  properties  that 
has  been  ignored  is  the  degradation  of  properties  of  extrusions  due 
to  stretch  forming  in  the  O  or  W  conditions.  The  stretch  forming 
severely  strains  the  materiel  which  results  in  surface  crystallization 
when  the  material  is  solution  treated  and  aged  with  an  (appreciable 
reduction  of  allowables.  Precautionary  notes  ore  currently  incited 
in  material  allowables  documents  which  point  to  this  degradation. 
However,  since  the  degradation  depends  on  the  percent  stretch  and 
thickness,  this  knowledge  >s  indefinite  in  the  initial  design  and 
usually  ignored  in  the  strength  design  of  the  part .  Processing  and 
manufacturing  techniques  such  os  chem-miliing,  grinding,  anodizing, 
machining,  shot  perming,  etc.  are  usually  not  considered  in  the 
static  material  properties  used. 

.4  Oesign  Strength  Re!o*ed  to  Utiligqtien 

a.  the  strength  design  is  not  confined  to  material  properties  per  s*;  the 
configurutio  and/cr  geometry  of  the  port  controls  the  load  carrying 
capacity.  The  geometry  of  a  port  designed  to  carry  column  load 
limits  the  compressive  stress  of  the  material  at  related  to  compressive 
yield  strength  of  the  basic  material .  A  number  of  design  allowable 
curves  ore  usually  generated  for  eoch  material  to  relate  strength  to 
utilization.  The  buckling  or  crippling  strength  of  panels  or  stiffeners, 
skin  buckling,  column  curves,  torsion  and  bending  moduli  of  rupture. 
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lug  efficiency  curves  etc.  or©  geometry-dependent .  Typicol 
test  doto  for  elostic  moduli  (tension,  compressive  ond  tongent) 
ore  used  in  the  equotions  defining  the  design  allowable  vvth  no 
comidr  -tion  for  stotisticol  variation  of  the  material  properties. 

Another  parameter  that  has  significant  affect  on  the  strength  ts 
assembly  technique.  This  includes  aorication  processes,  such 
as  welding,  bonding,  riveting  and  bolting .  Bach  of  these  processes 
is  unique  in  the  method  of  load  transfer  and  application.  The  most 
widely  used  method  of  assembly  is  by  mechanical  fasteners.  Each 
fastener  system  will  have  its  own  effect  on  the  overall  strength  of 
the  fabricated  structure  due  to  such  voriables  os  type  of  installation; 
tightness  of  the  fit,  manner  of  loading  distribution,  shear  and  bearing 
strength.  Joint  yield  and  deformation  and  the  relative  stiffness  of 
the  fastener  and  sheet .  Many  of  these  effects  are  offset  in  design  by 
increasing  the  nickness  of  the  member  in  the  region  of  the  connection, 
but  this  in  turn  introduces  eccentric  loading  paths  and  uneven  stress 
distributions .  Appendix  V  includes  thu  results  of  analyses  of  sample 
groups  of  riveted  and  bolted  joints. 

The  design  allowable  value),  for  mechanical  and  welded  joints  are 
established  by  experimental  means  in  accordance  with  MiUHDBK-5 
Guidelines  (reference  I5*.  The  dergn  joint  strength*  are  confuted 
from  e  irimeatal  dob:  by  taking  the  overage  of  test  vetoes  in  the 
bearing  ond  shear  bearing  areas  and  dividing  by  a  factor  such  as  1.15. 

The  sheer  strength  of  fastener*,  is  computed  using  the  cross  sectional 
area  of  ib©  fastener  and  the  specified  fastener  material  shea?  strength. 
The  strength  of  welded  joints  is  also  established  experimentally;  however, 
the  strength  is  compared  to  basic  or  parent  (notarial  data  and  o  reduc¬ 
tion  factor  is  imposed  to  compensate  for  the  degradation,  if  any,  due 
to  the  welding  process.  Similar  approaches  are  utilised  in  ortiving 
ot  design  dota  for  chemlcol-and  diffusion-bonded  joints. 

Other  variables  that  can  contribute  to  some  extent  to  the  differences 
in  materia,  properties  are  testing  technique,  test  machine  and  instru¬ 
mentation  used,  ond  interpretation  of  the  dota . 
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Design  Strength  Scottcr  Assessment 


a.  It  is  evident  from  the  preceding  discussion  that  the  strength  of 
a  component  is  dependent  on  the  accurate  assessment  of  the 
variables  involved.  The  i-iteracnon  and  contribution  of  the 
different  parameters  such  os  fabrication,  assembly,  environ¬ 
ment,  etc.,  will  have  to  be  incorporated  into  the  basic  material 
data  in  the  component  design  to  attain  a  realistic  estimate  of 
the  reliability  and  probability  of  failure. 

b.  Basic  material  strength  and  scatter  are  functions  of  the  inherent 
characteristics  of  the  alloy  as  produced  by  the  manufacturer, 
and  the  quality  control  measures  for  acceptability.  Generally, 
the  scatter  of  strength  of  the  material  used  in  aircraft  parts  has 
been  truncated.  This  truncation  is  an  adjustment  of  material 
property  data  distribution  to  compensate  for  the  censoring  effect 
of  an  imposed  specification.  The  effect  of  cenjotirv  is  of  majot 
concern  in  attempting  to  predict  the  occurrence  of  extreme  values 
of  deviation.  If  an  o'mmption  is  made  that  the  specification  is 
100%  effective,  and  there  is  no  probability  that  a  value  in  the 
procured  product  will  be  lower  that  the  specification  minimum, 
then  this  would  solve  most  of  the  materiol  problems  vafh  respect 
to  minimum  values  and  reliability  of  Strength  w it  "r»io<v  ."tn 
rarely  happens.  In  reality  the  distribution  of  st-rmyth  ij  probably 
somewhere  between  a  complete  or  uncensored  distribution  and  o 
truncated  distribution .  Therefore,  the  minimum  strength  values 
used  in  design  and  analysis  are  conservative  and  the  use  of  statis¬ 
tical  material  strength  data  should  recognise  the  non- Goussion 
distribution  of  the  truncated  data.  This  con  be  accomplished  by- 
plotting  motet i al  test  data  to  determine  the  mean  and  a  pseudo- 
slcodord  deviation  os  shown  in  the  e*ot**>les  using  C- M 1  data. 
{See  Append;*  V). 

c .  The  material  strength  in  the  above  discussion  is  confined  to  yield 
and  ultimate  strength  (Fty  ond  ftu;  which  are  governed  by  spec*- 
ficotion.  The  other  materiel  design  volues  ore  derived  *»s  rofios 
of  Fty  and  ftu  using  paired  tests  to  establish  the  ratios,  and  ore 
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usuci'y  limited  ro  ten  pairs  of  tests  each,  for  compression  yield, 

shear  ultimate,  and  bearing  yield  and  ultimate  (F  ,  F  ,  F, 

a  '  cy  su  bry 

ond  FbJ- 


d.  The  materia!  strength  data  distribution  for  the  purpose  of  deriving 
allowables  is  assumed  to  be  either  normally  distributed  or  skewed 
(Reference  15).  An  evaluation  of  test  data  on  three  metallic  and 
one  non-metal  lie  material  indicate  that  a  double  family  type  of 
distribution  fits  the  test  data  closer  than  a  single  family  normal 
distribution  curve .  The  second  family  lies  in  the  tail  extending 
toward  tho  lower  strength,  the  region  where  the  "A"  &  "B"  values 
of  material  strength  is  determined.  The  double  family  distribution 
curves  for  an  alarm, .urn,  titanium  and  steel  alloys  are  presented 
in  Appendix  V  to  illustrate  a  means  of  recognition  of  measured 
samples  exhibiting  such  characteristics.  The  double  family  dis¬ 
tribution  make  the  statistical  significance  of  the  customary  A  & 

B  allowable  strength  values  other  than  values  at  ? . 36  &  1.2J2 
standard  deviations  from  the  mean;  alternatively,  they  can  be 
interpreted  at  these  locations,  but  having  properties  other  then  99 
per  cent  and  90  per  cent  exceedence. 

*  Design  strength  scatter  of  members  that  are  influenced  by  geometry 
and  loads  (other  than  tensile)  is  difficult  to  define.  Members  such 
as  columns  which  depend  on  geometry,  material  thickness  tolerance, 
and  compression  stress-strain  relationships  will  have  a  wide  scatter 
variation.  Limited  numbers  of  tesls  are  normally  performed  to  de¬ 
fine  a  design  curve  for  a  material  and  related  geometry  with  no 
attention  paid  to  scatter,  mean  or  stendard  deviation.  The  final 
strength  Is  verified  by  testing  a  typical  component  with  the  assump¬ 
tion  ihat  the  behavior  of  the  component  will  represent  those  of  the 
structure, 

f.  The  effect  of  manufacturing  and  fabrication  processes  on  the  basic 
design  strength  is  seldom  considered  in  initial  design.  Only  when 
a  problem  arises  or  where  past  experience  has  indicated  a  degrada¬ 
tion  to  exist,  is  an  adjustment  in  the  material  allowables  applied. 

The  scatter  in  the  material  properties  and  the  definition  of  the  mean 
and  variance  is  not  considered.  An  assessment  of  the  strength  dis¬ 
tribution  of  the  basic  material  prior  and  after  processing,  to  validate 
the  strength  allowable  used,  is  generally  overlooked. 
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As  indicated  in  this  discussion*  the  initial  design  contains  a 
series  of  factors  and  conditions  which  affect  the  overall  strength, 
scatter  and  reliability,  that  are  difficult  to  evaluate  and  incor¬ 
porate  in  the  basic  design.  For  implementation  of  the  proposed 
statistical  design  method  these  factors  and  their  effect  have  to  be 
accounted  for  whether  individually  or  collectivefy,  through  initial 
component  test  and  empirical  derived  error  functions  typical  for 
certain  types  of  structure. 

It  is  felt  that  certain  parameters  such  as  material  allowable  strength 
and  joint  design  strength  are  basic  and  should  be  well  defined  and 
established  in  the  initial  design.  Design  detail,  fabrication  and 
process  methods  should  be  considered  based  on  similar  design  of 
earlier  aircraft.  However,  prior  to  the  final  design  release  typical 
component  and  sufficient  material  strength  test  should  be  run  to 
verify  the  initial  design  end  establish  a  backlog  of  strength  data  for 
each  process  for  future  analysis  and  usage. 
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SECTION  VII 


CHOICE  OF  ERROR  FUNCTION 

Introduction 

An  error  function  is  required  to  describe  design  strength  variations.  Many 
mathematical  expressions  for  the  error  function  can  be  formulated.  The  purpose 
of  this  section  is  to  outline  different  error  functions  available  to  define  the 
variation  of  actual  strength  from  the  intended  strength  and  to  present  the  C-141 
wing  test  data  available  to  aid  in  the  choice  of  the  error  function  distribution. 

Basis  for  Error  Function  Definition 

a.  The  initial  design  contains  many  factors  affecting  its  overall  strength  and 
scatter  which  are  difficult  to  evaluate.  For  implementation  of  the  proposed 
statistical  design  method,  these  factors  can  be  grouped  together  through 
component  tests  into  empirically  derived  "error  functions"  typical  for 
certain  types  of  structure.  At  the  beginning  of  a  design,  data  obtained  for 
similar  designs  on  earlier  aircraft  can  be  used  as  a  basis  for  sizing  the 
members  and  for  reliability  estimates.  Prior  to  design  release,  element 
tests  and  limited  component  tests  will  have  been  run  to  confirm  the  strength 
of  the  design  .  (These  tests  can  be  evaluated  in  conjunction  with  the  earlier 
tests  to  provide  a  broader  data  base  for  mean  strength  and  scatter  estimates.) 

b.  It  Is  felt  that  the  basic  material  strength  should  be  considered  a  separate 
entity  from  the  "error  function The  material  strength  and  scatter  are 
basic  to  the  design,  and  are  not  entirely  under  the  control  of  the  aircraft 
manufacturer;  whereas,  design  details,  fabrication  methods,  and  test  detail 
effects  may  be  updated  through  later  redesigns  or  retests,  and  are  more 
under  the  manufacturer's  control. 


Possible  Definitions 


a.  The  choice  of  error  function  definition  has  a  significant  effect  on  the 
(pre-ted’ Calculated  reliability.  A  number  of  expressions  can  be  used  to 
describe  the  error  function.  Six  curves  using  four  different  definitions  are 
shown  in  Figure  36;  these  are  plotted  output  from  the  computer  program 
described  in  Appendix  III.  All  curves  are  based  on  an  intended  design 
strength  of  100  percent  and  do  not  account  for  variation  in  material 
strength. 

b.  Curve  1  represents  the  error  function  defined  by -Bouton  in  Reference  1, 
based  on  data  collected  by  Jablecki  (Referenced) .  The  "standard 
Jablecki"  curve  is  characterized  by  a  reliability  of  0.99  at  one-third  of 
the  intended  design  strength . 

Curve  2  is  a  Jablecki  distribution  which  results  in  0.999  reliability  at 
one-third  the  intended  design  strength  and  corresponds  to  the  "ten  times 
better"  curve  used  in  Reference  1 . 

Curve  3  represents  the  type  of  error  function  suggested  by  Freudenthal 
(Reference  17)  with  values  based  on  a  reliability  of  0.98  at  80  percent. 

Curve  4  is  a  Gumbel  distribution  which  matches  Curve  3  at  80  percent 
and  100%;  these  two  curves  show  the  effect  of  using  the  two  different 
error  functions  for  rhe  same  two  points  input  into  the  computer  program. 

Curve  5  is  a  "worse"  Gumbel  distribution  which  illustrates  the  effect  of 
changing  the  point  at  which  a  reliability  of  0.98  is  demonstrated,  from  80 
percent  to  50  percent  of  the  intended  design  strength. 

Curve  6  is  an  example  of  the  double  family  Gumbeidistribution  mentioned 
in  Section  lll.5(vi).  This  type  of  distribution  is  used  throughout  this  report 
to  approximate  both  the  exhibited  material  scatter  and  the  exhibited  C-141 
wing  strength  scatter . 


TABLE  VII 


C-141  WING  COMPONENT  STRENGTH  TESTS 


Tested 

Components 

Reference 

Type 

Test 

Number 
of  Test 
Specimens 

TestFaikire 

Loads 

%  Ultimate 

— 

Remarks 

Center -to-inner 
wing  beam  cap 
and  panel  joints 

18 

Tension 

Compression 

4 

2 

96.3 
HO.O 
117.0 
176.7 

90.3 

94.3 

Four  different 
beam  cap  joints  - 
one  pone!  joint 

Inner -outer 
wing  joint 

19 

Tension 

3 

90.0 

123.0 

126.0 

Specimens  2  &  3 
redesigned  con¬ 
figuration  of  1 

Rib  diagonals 

20 

Compression 

5 

52.2 

83.5 

89,0 

105.4 

136.5 

No  two  specimens 
same  configuration 

Center  wing 
panel 

21 

Compression 

2 

98.0 

104.7 

One  spec  imen 
bad  access  cutout 

Outer  wing 
panel 

22 

.  - . - 

Compression 

2 

o  o 

<>  Si 

ic .  From  the  above,  it  is  seen  that  the  distribution  can  be  described  in  severcl 
ways  and  the  definition  employed  in  a  particular  application  must  be 
chosen  to  fit  data  appropriate  to  that  application.  The  reliability  estimate 
will  be  affected  by  the  choice  of  distribution  equation . 

7.4  C-141  Wing  Strength  Scatter 

a.  T©  determine  the  amount  of  data  available  pertaining  to  the  strength 

scatter  of  a  specific  aircraft  structure,  the  C-141  wing  is  used  as  a  typical 
sample.  During  the  development  stage  of  the  C-141 ,  component  static 
tests  of  selected  parts  of  the  wing  were  conducted.  The  complete  wing  was 
then  static  tested  during  the  full-scale  test  program. 

b„  Component  static  tests  of  the  C-141  structure  were  conducted  in 
1962-1P64  to  determine  either  the  optimum  configuration  or  ultimate 
strength  of  selected  parts  of  the  wing.  Table  VII  summarises  those  test 
results-  which  ore  used  herein.  During  review  of  the  tests,  the  following 
chssrwiterisiics  were  noted; 

0)  Most  of  the  test  specimens  were  the  some  scale  os  the  actual  aircraft 

i'TUCtUfC. 

(2)  The  bomber  of  specimens  per  test  group  ranged  from  two  to  six;  the 
maximum  dumber  of  specimens  of  the  same  configuration  was  two. 

(3)  Nearly  all  specimens  were  unioxioily  loaded. 

(4) ,  Losdlftg  jig  effects  invalidated  some  of  the  test  results. 

(5)  the  design  strength  of  many  specimens  was  not  reported.  Because  of 
the  time  interval  log  from  1964  to  1971,  backup  doto  (stress  analyses 
not  formally  reported)  we e  not  available  for  any  tests.  Therefore, 
determination  of  the  design  strength,  where  not  reported,  wot  not 
attempted .  Four  test  groups  (not  listed  in  Table  VII)  were  found  to  be 
in  this  category. 
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TABLE  VIII 


C -141  FULL-SCALE  WING  STRENGTH  TESTS 


Test  Condition 

Critical  Structure 

Principal 

Loads 

%  Ultimate 
Reached 

Bending 

Torsion 

El 

Down 

2'Cg  taxi 

Inner  wing 

X 

100 

Abrupt  Maneuver 

Inner  wing 

X 

100 

Negative  accelerated  roll 

Outer  wing 

X 

100 

2.5g  maneuver 

Center  &  inner  wings 

X 

80,  95 

2.0g  flap  me  '"ver 

Rear  beam 

X 

X 

100 

SSCBM  transport 

Inner  wing 

X 

100 

2.0g  roll  maneuver 

Outer  wing 

X 

X 

100 

Transient  gust 

Outer  wing 

X 

X 

100 

Negative  checked  roll 

Outer  wing 

X 

X 

100 

Wing  (ticking 

Jacking  points 

X 

100 

Pylon  tests  {6) 

Pylon  support  str. 

100 
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e.  Sixteen  wing/pylon  tests  were  conducted  on  the  C — 141  full-scale  static 
test  airplane  to  confirm  the  design  ultimate  strength  capability  of  the 
structure.  These  tests  are  listed  in  Table  VIII;  detailed  test  procedures  and 
results  are  presented  in  Reference  18.  During  one  test,  impending  failure 
of  some  rib  diagonals  was  detected  at  80%  ultimate  design  load;  the  test 
was  discontinued  at  that  point,  the  diagonals  were  redesigned,  and  the 
structure  tested  to  the  scheduled  95%  ultimate  design  load.  All  other  tests 
were  successfully  completed  to  100%  ultimate  design  load.  Therefore,  the 
structure  was  evidenced  to  equal  or  exceed  the  design  ultimate  strength, 
but  the  extent  of  overstrength  is  not  known . 

d.  Obviously,  the  available  data  are  insufficient  to  define  the  strength 

scatter  of  a  particular  part  of  the  wing  structure.  However,  for  the  over¬ 
all  wing,  the  combined  data  can  be  used  to  indicate  the  probability  of 
failure.  The  exhibited  probability  of  failure  of  the  original  design  is 
shown  in  Figure  37;  the  observed  data  include  the  component  tests  of 
original  design  configurations  and  the  one  static  test  which  was  discontinued 
at  80%  ultimate  design  load.  The  fitted  cut  ve  is  a  double  family  Gumbel 
distribution;  the  values  of  the  shaping  parameters  for  this  curve  are  shown 
on  the  plot.  The  Standard  Jablecki  and  Freudenthal  error  r  action  defini¬ 
tions  (Curves  1  and  3,  respectively,  of  Figure  36)  are  superimposed  for 
comparison . 

If  the  full-scale  tests  are  assumed  to  represent  the  ultimate  strength  of  the 
wing  and  used  to  modify  the  probability  of  failure,  the  observed  data  and 
corresponding  fitted  Gumbel  distribution  shown  in  Figure  38  result.  All  of 
the  low  strength  structures  detected  during  component  tests,  however,  ore 
still  Included  in  the  observed  data.  To  update  the  strength  variation,  the 
tests  of  these  obsolete  configurations  ore  deleted  and  the  component  tosts 
of  the  corresponding  redesign  con  figurations  substituted. 

The  observed  data  and  fitted  curve  of  Figure  39  result;  this  con  be  con¬ 
sidered  to  represent  the  achieved  strength  of  the  final  configuration  of  the 
wing,  as  beit  con  be  defined  using  the  available  data. 
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FIGURE  37  C*HI  ACHIEVED  STRENGTH  -  ORIGINAL  CONFIGURATION 


FITTED  DISTRIBUTION 
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7.5  Error  Function  for  Initial  Design 


a.  At  the  time  of  the  initial  design,  the  error  function  can  be  estimated  from 
the  moss  of  background  data  provided  by  Jablecki,  Freudenthal,  and/or 
such  data  as  are  shown  herein  for  the  C-141  original  design  configuration. 

An  appropriate  expression  for  this  error  function  can  be  formulated.  The 
C-141  tests,  using  a  Gumbel  double-family  distribution,  ofter  considera¬ 
tion  for  material  scatter,  shows  an  error  function  as  indicated  in  Figure  37. 

b.  The  error  function  for  initial  reliability  estimates  can  be  used  to  predict 
reliability  prior  to  completion  of  tests  ond  the  resulting  redesigns.  This 
error  function  can  be  used  in  conjunction  with  pre-‘,te$t-completion  flight 
restrictions  to  evaluate  the  reliability  of  the  aircraft  with  the  limited  flight 
loads  resulting  from  these  restrictions.  It  con  also  be  used  to  predict  the 
probability  of  survival  of  static  test  loads,  as  discussed  in  Section  IX.  This 
may  permit  tradeoff  decisions  between  design  factors,  test  factors,  and 
reliability  predictions  which  can  minimise  ove>  11  test  cost. 

c .  During  the  early  design  phases,  several  error  function*  eon  be  used  which 
are  based  on  varying  amounts  of  dole.  One  function,  based  on  pre-test 
(other  aircraft)  do  to,  is  described  above.  Another  error  function  can  be 
estlrmoted  based  an  assumed  test  results  to  provide  a  reliability  prediction 
For  the  final  conf  igurafion .  An  intermediate  error  function  based  on  com¬ 
ponent  tests  can  a'tc  be  estimated.  These  error  functions  and  the  » ©suiting 
reliability  predictions  can  aid  in  decisions  regarding  the  number  of  component 
and  full-scale  tests  to  be  performed,  probabilities  of  survival  of  the  tests, 
number  of  specimens,  and  acceptability  of  the  final  cantiguroiicn  . 

d.  Obviocrly,  updating  of  the  initial  error  function  definitions  is  necessary  os 
data  became  available,  to  provide  a  proper  base  for  icter  decisions  and 
predictions. 
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SECTION  VIII 


CHOICE  OF  STRUCTURAL  RELIABILITY  GOAL 


8.1  Introduction 

The  selection  of  structural  reliability  goals  for  flight  vehicles  is  a  formidable  task  when 
one  considers  that  the  relationship  between  the  chosen  goal  and  the  finol  computed 
structural  reliability  is  unknown.  The  chosen  goal  may  be  used  as  a  means  of  selecting 
levels  of  limit  ond  omega  loads  but  the  computed  structural  reliability  depends  also  on  the 
shape  of  the  load  spectra,  the  strength  scatter  of  materials  ond  structural  components,  and 
the  chosen  error  function . 

8.2  A  Proposed  Approach 

o.  Reference  24  recommends  space  vehicle  structural  reliability  levels  ond 

associated  probabilities  of  exceeding  limit  and  ultimate  (omega)  conditions 
which  ore  reproduced  herein  os  Table  IX.  This  table  is  also  shown  as  Table  l 
in  Reference  I  where  it  is  implied  to  be  applied  to  aircraft .  In  fact, 
elsewhere  in  Reference  1  typical  structural  reliability  goals  of  0.99  for 
fighter  aircraft,  0,9999  for  liaison  aircraft,  end  0.999999  for  transports 
Ore  mentioned  apparently  in  oeeord  with  the  respective  high  risk, 
standard  risk,  and  low  risk  vehicle  columns  of  Table  IX, 

b.  In  the  presentation  of  these  dbto,  the  actual  relationship  between 
probabilities  of  exceeding  limit  or  omega  conditions  ond  structural 
reliability  gaols  is  not  expounded  upon  except  for  the  assumption  that 
the  probability  of  exceeding  the  omega  condition  it  the  complement 

of  the  structural  reliability.  That  is;  $  .R.  *  1 ,0  -  Omega  condition  probability . 

c.  figure  40 shows  the  probability  of  Exceeding  Limit  Condition  ond  Probability 

of  fcxeeeaing  Omega  Condition  values  of  Table  IX  plotted  as  o  function  of  (tef .  I) 
Table  I  Structural  Reliability  Gaols.  The  validity  of  the  limit  condition  trend 
of  Figure  40  is  very  guestionoble .  In  par' 'color,  it  does  not  follow  shot  the 
structural  reliability  is  cero  merely  because  a  limit  load  is  exceeded  once 
per  aircraft  lifetime. 
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TABLE  IX 


REFERENCE  1  STRUCTURAL  RELIABILITY  OBJECTIVES 


Class 

Standard 

Vehicles 

Low  Risk 

Vehicles 

High  Risk 
Vehicles 

Structural  Reliability 

Goal 

0.9999 

0.999999 

0.99 

Probability  of  Exceeding 
Limit  Condition 

0.01 

0.001 

0.1 

Probability  of  Exceeding 
Omega  Condition 

0.0001 

0. 00000 i 

0.01 

Conditional  Limit 

Reliability 

0.999999 

0.99999999 

0.9999 

Conditional  Omega 
Reliability 

0.99 

0.99 

0.99 

8.3  Existing  Data 


a.  Reference  13  presents  mission  analysis  results  for  gust  exceedences  in  terms 
of  frequency  of  exceedence  per  average  flight  hour  of  limit  strength  and 
ultimate  strength  of  various  components  of  the  Electro  (188),  Constellation  (749), 
and  720B  aircraft.  These  data  are  reproduced  in  Table  X.  Assuming  that 

these  are  all  30,000  hour  lifetime  aircraft,  the  number  of  exceedences  per 
aircraft  lifetime  are  also  shown  as  well  as  the  implied  structural  reliability 
for  each  condition  assuming  that  structural  reliability  is  the  complement  of 
number  of  exceedences  of  the  ultimate  strength. 

b.  Examining  the  structural  reliability  values  derived  from  Table  X,  it 
is  quite  obvious  that  the  Constellation  (749)  tail  is  not  critical  for 
vertical  gusts  and  that  the  values  for  Electro  (188)  aft  body  and  749  tail 
occurrences  of  ultimate  strength  due  to  lateral  gust  are  unbelievably  high. 

There  is  evidence  that  the  lateral  gust  statistics  used  in  these  analyses 
were  excessively  conservative  which  would  explain  the  derivation  of  such 
low  structural  reliability  values  for  supposedly  successful  aircraft. 

Table  XI  derived  from  Reference  6  shows  data  similar  to  that  of 
Table  X  of  overall  computed  failure  rates  due  to  gust. 

c.  Using  only  the  structural  reliability  values  of  Table  XI  and  those  of 
Table  X  which  appear  to  be  rationally  derived,  it  may  be  seen  that 
the  structural  reliability  of  these  aircraft  on  the  basis  of  gust  condition 
lies  between  0.999and  0.9999  in  almost  all  cases. 

If  aircraft  such  as  these  have  been  operating  satisfactorily  at  such  implied 
structural  reliability  levels,  then  the  0.999999  typical  structural  reliability 
goal  suggested  in  'ference  1  for  transports  seems  unduly  severe. 
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FIGURE  41  AIRCRAFT  GUST  ANALYSIS  RESULTS 
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d.  In  Figure  41,  the  values  of  Tables  X  and  XI  are  plotted  to  establish  trends 
of  limit  condition  occurrence  versus  structural  reliability  goal .  In  addition, 
C-141  limit  and  ultimate  vertical  gust  levels  are  shown  with  structural 
reliability  levels  derived  using  the  methods  of  Reference  1  with  a  coefficient 
of  variation  in  strength  of  0.05.  An  extremely  high  structural  reliability  is 
indicated  for  the  C-141  data  since  it  is  not  a  gust  critical  aircraft. 

e.  Note  that  in  Figure  41  the  structural  reliability  levels  are  derived  as 
the  complement  of  the  number  of  exceedences  of  ultimate  load  per 
aircraft  lifetime.  Limit  load  exceedences  are  placed  at  the  structural 
reliability  levels  derived  from  the  ultimate  exceedences.  The  720B  limit 
data  is  shown  os  a  horizontal  line  since  there  was  no  corresponding  ultimate 
data  available  from  which  to  establish  a  structural  reliability  level . 

f.  The  mission  analysis  portion  of  the  continuous  turbulence  analysis  criteria 
developed  by  Reference  13  and  adopted  in  the  U.S.  SST  criteria  and  in 

-5 

Reference  23  colls  for  a  limit  load  exceedence  not  more  often  that  2.0  x  10 
times  per  flight  hour.  Reference  23  states  that  the  probability  of  survival 
to  this  gust  encounter  should  be  equal  to  or  greater  than  0.9995 .  Using  this 
as  the  structural  reliability  gool,  the  point  is  placed  on  Figure  41  using  a 
lifetime  of  30,000  hours  for  which  there  are  0.6  occurrences .  The  same 
structural  reliability  on  the  ultimate  load  line  corresponds  to  the  C-5A 
ultimate  lateral  gust  design  case . 

Based  on  these  statistics  it  appears  that,  in  order  to  maintain  a  level  of  safety 
comparable  to  present  transports,  a  structural  reliability  goal  of  0.999  to  0.9999 
is  applicable  rather  then  the  goal  of  0.999999  implied  by  Reference  I . 

g.  It  is  recommended  that  a  structural  reliability  goat  of  0.999  be  used  for  military 
transports  since  they  ore  primarily  cargo  corrien  and  con  be  somewhat  more 
risky  than  commercial  transports  from  which  most  of  the  available  statistics 
were  derived. 
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In  Figure  41,  a  line  which  represents  fairly  well  the  limit  strength  exceedence 
statistics  lies  three  orders  of  magnitude  higher  than  the  ultimate  (or  omega)  line. 
If  it  is  thought  to  be  feasible  to  establish  occurrences  of  limit  conditions  versus 
structural  reliability  goal,  this  line  should  be  a  better  representation  of  such 
levels  than  the  line  established  in  Reference  24  and  shown  in  Figure  40  of 
this  document . 

In  present  transport  design  practice,  a  limit  lead  is  thought  of  as  a  load  level 
which  occurs  approximately  once  per  aircraft  lifetime  .  For  the  recommended 
structural  reliability  goal  of  0.999,  the  proposed  line  does  in  fact  allow 
exactly  one  occurrence  of  a  given  limit  load  per  aircraft  lifetime. 


8.4  Other  Reliobility-Based  Criteria 

a.  Reference  25  established  the  following  probability  of  occurrence  concepts 

for  use  in  tho  design  of  the  Concorde  supersonic  transport: 

-3 

1.  Frequent.  Occurring  more  than  10  per  hour  of  flight. 

-3  '5 

2.  Reasonably  Probable.  Ot  the  order  10  to  10  per  hour  of  flight  . 

These  terms  ore  collectively  known  as  recurrent  and  »ve  expected  to 
occur  from  time  to  time  during  the  operation  of  each  particular  airplane 
of  a  type . 

-5-7 

3.  Remote.  Of  the  order  of  10  to  10  pet  hour  of  fiight .  Not  likely  to  occur 
often  during  the  operation  of  an  airplane  type  but  moy  happen  a  few 

times  during  the  total  operational  life  of  the  type. 

-7 

4.  Extremely  Remote.  Not  expected  to  occur  more  than  10  per  hour 
of  flight.  Unlikely  to  occur  during  the  '  ->fal  operational  life  of  all 
olrplones  of  the  type  but,  nevertheless,  hot  to  be  considered  as  being  possible. 

$.  Extremely  Improbable  .  So  Extremely  Remote  that  it  can  be  stated  with 
Confluence  that  it  should  not  occur. 

For  a  30,000  hour  aircraft  tire  occurrences  per  lifetime  for  these  levels  ore: 
Frequent  More  than  30 

Reasonably  Probable  0.3  to  30 

Remote  0.003  to  0.3 

Extremely  Remote  Less  than  0.033 
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b.  Examining  the  data  of  Figure  4)  using  this  nomenclature  it  may  be  seen  that; 
for  the  recommended  structural  reliability  levels,  limit  conditions  fall  in 
the  Reasonably  Probable  category  which  is  where  they  should  be.  Ultimate 
(omega)  conditions  ore  in  the  Extremely  Remote  range  which  is  also  the  proper 
placement.  The  minimum  structural  reliability  necessary  to  place  Ultimate  (Omega) 
conditions  in  the  Extremely  Remote  category  is  approximately  0.997. 

8.5  Fighter  Data 

a.  Table  XU  shows  F-100  limit  wing  bending  moment  occurrences  and  computed 
structural  reliability  levels  derived  from  Reference  1  fora  coefficient  of 
variation  in  strength  of  0.08. 

Surprisingly  high  structural  reliability  levels  were  derived  in  the  referenced 
analysis  when  it  is  cor,,  dered  that  the  implied  recommended  fighter 
structural  reliability  is  0,99. 

b.  In  Figure  42  the  F— 100  data  is  superimposed  on  the  limit  and  ultimate  (omega) 
variation  with  structuia!  reliability  previously  shown  in  Figure  41 .  Note 
that  the  proposed  limit  condition  line  correlates  fairly  well  with  the 

F- 100  limit  data.  Also  shown  is  the  Reference  23  mission  analysis 
continuous  turbulence  limit  condition  point  of  2  x  10  ^  occurrences 
per  hour  applied  to  a  4,000  hour  fighter  which  results  in  0.08  occurrences 
per  lifetime .  Even  though  it  is  unlikely  that  a  fighter  would  be  gust 

-5 

critical,  It  appears  that  the  2  x  10  occurrences  per  hour  is  not 
appropriate.  The  value  was  derived  in  Reference  13  based  strictly 
on  commercial  transport  data  and  application  of  the  same  value  tu 
other oircraft  types  may  not  be  valid. 

8.6  Suggested  Goals 

Based  on  the  preceding  analysis,  the  structural  reliability  goals  and  corresponding 
exceedences  of  limit  and  ultimate  (omega)  conditions  of  Table  XU!  ora  recommended  for 
analytical  applications  of  the  new  method. 
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SECTION  IX 

CHOICE  Of  DESIGN  AND  TEST  FACTOR 
Required  Foe  tors 

The  bosic  choin  of  events  in  the  reliability  calculations  has  been  described  in 

Section  III.  Figure  43  summarizes  this  chain  for  reference.  The  chosen 

unfoctored  load  (limit  or  omega)  is  multiplied  by  a  design  foctor  (FS)  and 

increased  by  a  design  margin  of  safety  (MS)  to  give  a  factored  design  load 

(DSNLD) ,  This  is  matched  to  an  allowable  strength,  defined  as  S  ,,  standard 

all 

deviations  below  the  intended  mean  strength,  AMSTR,  which  is  therefore 
determined.  The  intended  strength  distribution  is  modified  by  the  error  function 
so  os  to  give  probable  strength  distribution ,  Tests,  mode  to  load  levels  defined 
by  UNFID  *  TEST  FACTOR,  then  yield  updated  probable  strength  distributions 
which  in  turn  lead  to  failure  probabilities  and  reliabilities. 


a.  It  is  apparent  that  the  intended  (no  error)  strength  level  of  the  structure  is 
related  to  the  unfoctored  load  by  three  factors,  FS,  MS,  ond  which 
oil  achieve  o  similar  effect.  They  provide  o  margin  to  cover  the  likely 
presence  of  resultant  discrepancies  between  the  intended  minimum  strength 
ond  the  actual  strength  of  the  weakest  aircraft  in  the  fleet. 

For  convergence,  the  ensuing  discussion  assumes  the  design  margin  of 
safer,  to  be  zero.  The  logic  It  easily  modified  to  incorporate  non -zero 
values  where  appropriate. 

b.  The  value  of  S^n  establishes  »he  design  allowables  currently  in  use,  but 
whereas  current  methods  require  no  other  data,  the  probabilistic  system 
0U0  requires  the  standard  deviation  (ond  distribution  function)  to  be  known . 


Figure  43  51*  utrotes  again  the  need  for  o  single  load  value  (DSNLD)  which 
can  be  used  in  conjunction  with  design  allowable:  to  enable  the  sizes  of 
the  structure!  members  to  be  established. 


113 


PROBABILITY  OF  LOAD  fc  X 


4 


(*e«  pcro.  9.6) 


FIGURE  43  SUMMARY  Of  DESIGN  CHAIN 
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c.  Reference  1  suggests  that  relationships  can  be  established  between  the 
probability  of  occurrence  of  the  unfactored  load  and  the  desired  reliability. 

This  js: correct,  provided  that  a  number  of  particular  assumptions  are  made 
regarding  other  parameters,  namely 

1)  load  spectrum  location,  and  distribution  parameters 

2)  strength  distribution  shape  and  distribution  parameters 

3)  error  function 

4)  test  load  level. 

d.  The  influence  of  load  spectrum  shape  is  illustrated  by  the  following 
example.  Figure  44  shows  two  load  spectra  which  both,  reach  65.0  at  a 
probability  of  one,  and  both  reach  iOOat  a  probability  of  0.000185.  One 
is  a  G umbel  distribution  and  the  other  a  normal  distribution .  The  common 
value  of  100  is  chosen  as  UNFLD .  Reliability  estimates  were  made  for 
both  load  spectra,  assuming  identical  values  for  all  other  functions 
(strength,  error  and  test  level). 

Figure  45  shows  the  failure  density  distributions  before  testing  and  after 
surviving  one  test  to  150.  Figure  46  shows  the  cumulative  failure  proba¬ 
bilities  and  the  reliabilities.  Table  XIV  summarizes  the  results.  It  is  seen 
that  whereas  the  demonstrated  fleet  mean  strengthfdo  not  vary,  the  failure 
risks  differ  widely  although  they  are  low.  The  particular  values  in  the 
example  show  the  intended  failure  probabilities  (no  error,  no  test)  to  differ 
by  a  factor  of  2.5,  decreasing  to  1.6  when  the  probable  error  is  added, 
and  increasing  to  2.6  after  testing.  In  all  cases,  the  normal  Joad  distribu¬ 
tion  gives  the  higher  risk  because  of  the  increased  load  probabilities 
between  65  and  1Q0. 

e.  The  attained  ("demonstrated")  reliability,  after  the  test,  is  0.9999992  for 
the  Gumbel  loads  distribution,  and  0.9999979  for  the  normal  distribution. 

If  the  concept  of  reference  1  is  adopted,  that  rhe  reliability  is  the  comple¬ 
ment  of  the  probability  of  the  load,  a  value  of  0.99981 15  results,  which  is  some 

*See  para..  9.6, 
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FIGURE  45  FAILURE  DENSITY  DISTRIBUTIONS  FOR  TWO  DIFFERENT  LOAD  SPECTRA 
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FIGURE  46  RELIABILITIES  FOR  TWO  DIFFERENT  LOAD  SPECTRA 


TABLE  XIV 


SUMMARY  OF  RESULTS  OF  DIFFERENT  LOAD  SPECTRA 


Quantity 

Load  Distribution 

Gumbel 

Normal 

No  Error  (Intended) 

Failure  Probability 

0.00000043 

0.00000105 

Reliability 

0.9999995 7 

0.99999895 

Fleet  Mean  Strength 

166.9 

166.9 

With  Error,  No  Test 

Failure  Probability 

0.00088822 

0.00145386 

Reliability 

0.99911178 

0.99854614 

Fleet  Mean  Strength* 

152.5 

152.5 

With  Error,  After  Test  to  150 

Failure  Probability 

0.00000081 

0.00000211 

Reliability 

0.99999919 

0.99999789 

Fleet  Mean  Strength* 

161.8 

161.8 

*See  paro.  9.6. 


119 


two  decodes  lower.  It  Is  evident  that  the  reliability  will  only  be  the 
complement  of  the  load  probability  for  certain  combinations  of  all  of  the 
other  parameters  discussed  above.  This  fact  complicates  the  problem 
associated  with  the  selection  of  the  initial  load  levels  to  be  used  to  size 
the  structural  members. 

f.  Studies  performed  during  the  preparation  of  this  report  have  revealed  some 
of  the  Inherent  relationships  between  the  various  factors.  If  the  applica¬ 
tion  of  the  proposed  criteria  system  is  summarized  in  the  following  manner, 
certain  practical  procedures  can  be  formulated: 

"to  provide  structural  members  whose  sizes  are  determined  by 
matching  a  factored  design  load  to  an  allowable  strength,  and  to 
test  to  load  levels  such  that,  allowing  for  probable  discrepancies 
between  the  intended  and  actual  strength  levels,  the  desired 
reliability  is  demonstrated." 

It  will  be  obvious  that  the  same  results  will  be  achievable  by  designing  to 
a  high  factored  load  level,  and  testing  to  a  moderate  load  level,  and  by 
designing  to  a  modest  factored  load  level  with  the  testing  performed  to  a 
higher  level .  It  will  also  be  apparent  that  the  probability  of  sustaining 
the  test  load  diminishes  as  the  test  load  level  increases.  These  trends  sug¬ 
gest  thot  an  optimum  combination  might  exist  in  terms  of  total  cost 
(reference  5,  for  example,  discusses  this  concept),  but  the  fo<mal  logic  of 
such  a  procedure  remains  undeveloped.  Section  IX-4  explores  the  interac¬ 
tion  between  the  factors. 

9,3  Test  Factors 

a.  Earlier  sections  of  this  report  have  alluded  to  the  difference  between 

survival  tests  and  failure  tests.  Reference  1  describes  the  interpretation  of 
survival  tests;  the  probability  thot  the  test  specimen  has  o  strength  greater 
than  the  test  toad  is  estimated  from  the  mean  strength  distribution  (including 
the  probable  discrepancy).  Bayes1  theorem  is  applied  to  yield  an  updated 
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mean  strength  distribution  which  leads  to  the  updated  individual  strength 
distribution  and  to  the  reliability. 

The  knowledge  of  an  actual  test  failure  load  is  much  more  difficult  to 
incorporate  into  a  practical  analysis,  since  the  probability  of  an  exact 
value  is  mathematically  indeterminate,  it  must  be  replaced  by  the  esti¬ 
mated  probability  of  o  value  within  a  certain  interval,  and  this  will  vary 
with  the  width  of  the  interval,  a  fact  which  inhibits  uniform  interpretation . 

b.  Figure  47  shows  the  reliability  levels  computed  for  different  intervals  (dx), 
with  all  other  values  unchanged.  For  test  loads  of  150  percent  of  the 
unfactored  design  load,  a  variation  of  thirteen  times  is  observed  in  the 
risk  of  failure  as  the  interval  width  changes  from  2  to  20.  This  ambiguity 
suggests  that  for  practical  reasons,  rather  than  for  logical  reasons,  all  tests 
should  be  interpreted  os  tests  surviving  a  given  load  level.  If  a  failure 
does  occur,  then  a  level  just  below  the  failure  level  is  regarded  as  the 
load  survived. 

Figure  48  compares  the  results  of  tests  to  various  load  levels,  regarded  in 
the  two  different  ways. 

9.4  Combined  Factors 

a.  Adoptli^j  the  approach  described  above,  a  study  was  made  using  data 
pertinent  to  the  C-Ul  wing  root  bending  moment  In  the  vertical  gust 
cases.  The  food  spectrum  used  is  shown  in  Figure  49,  The  strength  varia¬ 
tions  and  error  function  were  the  same  as  those  described  in  earlier  sections 
of  this  report.  Using  100  os  the  unfoctored  design  load,  the  design  factor 
and  test  factor  were  varied  through  the  range  1 .0  to  i  ,8,  and  the  fleet 
mean  strength* and  probability  of  failure  were  calculated  before  and  after 
the  survival  test.  For  the  case  of  a  design  factor  of  1 .5,  the  follure  test 
condition  was  evaluated  with  an  interval  width  of  5. 

•See  paro.  9,6. 
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IGURE  47  RELIABILITIES  FOR  TEST  FAILURE  LOADS  AND  INTERVAL  WIDTHS 


22 


b.  Figure  50  shows  the  reliabilities  for  the  survival  tests,  together  with  the 
intended  (no  error)  values  and  the  probable  (no  test)  values.  The  actual 
design  process  used  1 .5  as  the  design  and  test  factor,  the  appropriate 
points  being  marked  A  and  B .  Point  B  can  be  regarded  as  the  intended 
reliability  level  (0.99999980)  and  Point  A  as  the  value  demonstrated  by 
the  conventional  test  to  1 .5  times  the  unfactored  design  load  (reliability  s 
0.9999983).  Figure  51  compares  the  failure  and  survival  test  results  for  a 
1.5  design  factor.  Figure  52  shows  the  fleet  mean  strength demonstrated  by 
the  survival  tests,  and  figure  5d  compares  the  some  quantity  for  survival  and 
failure  tests,  with  the  design  factor  of  1.5. 

c .  A  study  of  figure  50  reveals  some  intriguing  trends.  If  the  conventional 
test  to  150  percent  load  is  replaced  by  a  test  surviving  100  percent  toad, 
the  demonstrated  reliability  only  drops  from  0.9999983  to  0,9999947} 
figure  52  shows  that  a  test  to  150  percent  indicates  a  fleet  mean  strength* 
of  165.1,  compared  with  the  intended  value  of  175.5  (no  error),  but  that 
testing  to  100  percent  still  indicates  a  fleet  mean  strength  of  162.0.  For 
these  particular  numbers,  the  value  of  a  test  above  the  100  percent  Uvel 
must  be  questioned,  apart  ham  its  effect  In  reducing  the  probable  stondord 
deviation  of  strength  from  8.2  percent  to  7.i  percent,  oi  shown  in  figure 
54. 

d.  Figures  50  end  52  shows  the  variations  far  the  case  when  the  design  end 
test  factor  sore  equal.  This  assumption  can  be  made  in  order  to  simplify 
the  choice  of  values  to  be  used  in  a  particular  cose,  and  will  probably  be 
necessary  if  charts  of  standard  values  ore  to  be  prepared  (see  Section  XII) . 

9.5  Non -Destructive  Testing 

a.  The  features  previously  discussed  lead  to  the  question  whether  o  series  of 
non -destructive  tests  ("proof  tests'*)  con  be  used  In  place  of  o  single  tesfr  to 
o  higher  load  level.  It  is  necessary,  in  this  content,  to  emphasize  that 
each  test  must  be  on  a  separate  article,  and  io  point  out  that  on  operational 

•See  para.  9.6. 


125 


[I! 


DF  =  1 .5 

See  pcra .9.6 
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FIGURE  53  FLEET  MEAN  STRENGTH  FOR  SURV  iVAL  AND  FAILURE  TESTS  TO  VARIOUS  LEVELS 


experience  has  the  same  influence  as  a  laboratory  test;  hence  the 
acceptance  tests  on  eaeh  aircraft  can  provide  a  much  greater  volume  of 
pertinent  data  for  probability-based  criteria  than  is  normally  available 
under  the  present  system . 

b.  The  data  used  for  the  example  described  above  was  used  for  a  trade-off 
study  between  one  test  ‘■o  150  percent  of  the  unfactored  load  and  ten  tests 
to  100  percent  of  the  unfactored  load.  Figure  55  shows  the  reliabilities 
obtained  from  one  test  to  factored  load  levels  compared  with  those  from  a 
series  of  tests  to  100  percent  load,  it  is  seen  that  for  this  particular 
example  repeated  testing  to  100  percent  has  little  influence,  ana  that  ten 
such  tests  are  equivalent  to  one  test  to  108  percent  load. 

c.  A  further  study  wos  then  made  using  a  wider  range  of  values.  Trade-off 
rates  between  different  numbers  of  tests  to  different  test  factors  are 
illustrated  by  Figure  56.  It  is  observed  that  for  the  particular  data  used, 
one  test  to  150  percent  of  the  unfactored  design  load  could  be  replaced 
by  two  tests  to  147  percent,  three  to  145  percent,  five  to  142  percent  or 
ten  to  139  percent.  The  chances  of  surviving  the  same  series  are  shown 
in  Figure  57.  Before  the  testing,  the  probabilities  of  surviving  the  same 
series  of  tests  are  0.77,  0.69  ,  0.65  ,  0.59  and  0.46  respectively, 

so  that  the  best  chance  of  "demonstrating"  the  reliability  occurs  with 
a  single  test  to  the  highest  test  load. 

d.  Suppose  now  that  the  first  test  only  survived  143  percent,  testing  of 

four  futher  specimens  to  this  level  would  new  be  required  to  "demonstrate" 
the  same  level  of  reliability  as  the  original  aim.  But  the  center  plot  of 
Figure  57  shows  that,  at  this  stage,  the  chances  of  surviving  this  new  test 
series  have  dropped  to  0.75. Deductions  of  this  kind  can  be  made  from 
plots  of  this  type,  to  aid  in  the  assessment  of  the  optimum  test  program 
based  on  available  data  at  any  time . 
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FIGURE  56,  EQUIVALENCE  OF  REPEATED  TESTS  TO  DIFFERENT  LEVELS 

(DESIGN  FACTOR  1 .5) 
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BEFORE  TESTS  AFTER  SURVIVING  ONE  TEST  AFTER  SURVIVING  TWO  TESTS 


FIGURE  57.  PROBABILITY  OF  SURVIVING  REPEATED  TESTS  TO  DIFFERENT  LEVELS 

(DESIGN  FACTOR  =  1.5) 


Indicated  Mean  Strength 


a.  Some  explanation  of  the  meaning  of  the  "demonstrated"  or  "indicated" 
mean  strength  is  required.  It  is  assumed  in  the  analysis  that  the  strength 
scatter  about  the  mean  is  known,  but  that  the  location  of  the  mean  is  not 
known .  The  form  of  the  "error  function"  provides  a  means  whereby  the 
probable  distribution  of  the  actual  mean  strength  may  be  defined.  Inter¬ 
pretation  of  the  test  results  by  the  employment  of  Bayes1  theorem  takes  the 
form  of  modifying  this  assumed  distribution  of  probable  mean  strengths.  It 
must  be  emphasized  that  at  no  time  will  the  actual  value  of  the  mean 
strength  be  determinate. 

b.  At  each  stage  of  the  analysis  (no  error,  with  error  but  before  tests,  after 
tests),  the  implied  probability  distribution  of  mean  strength  can  be  derived. 
With  the  assumed  scatter  about  the  mean,  it  is  then  possible  to  derive  the 
implied  total  distribution  of  individual  strength  (see  figure  7).  The  mean 
of  this  resultant  distribution  is  the  quantity  referred  to  as  the  "fleet  mean 
strength."  It  cannot  be  regarded  as  the  actual  mean  strength,  but  can  be 
taken  as  an  indication  of  the  most  likely  value  of  the  mean,  if  all  of  the 
other  assumptions  are  valid .  The  scatter  about  this  mean  is  equally 
important  and  changes  from  step  to  step  as  additional  data  becomes 
available  (see  figure  54(a)  for  example). 


SECTION  X 

TRIAL  APPLICATION  TO  THE  C-141  CARGO  TRANSPORT 


10.1  Introduction 

a.  In  order  to  demonstrate  the  procedures,  interfaces,  and  decisions 
involved  in  the  structural  reliability  analysis,  a  trial  application 
of  the  techniques  and  data  presented  in  this  report  is  performed 
for  the  C-141  cargo  transport  aircraft. 

b.  The  C-141  (Figure  58)  is  a  land-based,  heavy  logistic  cargo 
transport  designed  to  airlift  various  types  of  combat  support 
equipment,  supplies,  personnel,  and  air-evac  patients.  The 
C-141  fleet  consists  of  281  aircraft  which  have  flown  a  total  of 
three  million  flight  hours  without  the  loss  of  a  single  aircraft  due 
to  either  understrength  structure  or  overload. 

Table  XV  presents  a  summary  of  the  C-141  structural  criteria. 

c.  The  C-141  fleet  is  now  undergoing  the  Individual  Service  Life 
Monitoring  Program  (IASLMP),  which  is  a  portion  of  the  Aircraft 
Structural  Integrity  Program  (A$|P).  Under  IASLMP,  the  utilization 
of  mission  types  and  such  parameters  as  cargo  weight,  fuel  weight, 
Mach  number,  and  altitude  are  recorded  for  each  aircraft,  There¬ 
fore,  the  actual  utilization  of  individual  aircraft  or  that  for  the 
hypothetical  fleet  average  aircraft  con  be  determined.  Under  the 
life  history  recording  program  of  ASIP,  26,741  hours  of  velocity¬ 
load  factor  -  altitude  (VGH)  data  have  been  collected.  Such 
data  are  used  to  determine  maneuver  load  factor  spectra  and 
otmospheric  turbulence  parameters  which  ore  representative  of  the 
environment  in  which  the  C-141  Is  flown. 

d.  Since  the  C-141  fleet  has  demonstrated  that  the  structural  reliability 
resulting  from  the  criteria  to  which  it  was  designed  is  more  than 
adequate,  it  is  of  interest  to  determine  what  the  structural  reliability 
actually  is.  Also,  it  is  of  interest  to  determine  what  the  design  loads 
for  the  C-141  would  be  using  the  structural  reliability  technique  pre¬ 
sented  In  this  report.  It  Is  therefore  the  intent  of  this  section  to  per¬ 
form  such  analyses  using  the  C-141  utilization  and  VGH  data. 
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w-UTA  ST ARUFTER  CARGO  TRANSPORT 


TABLE  XV 

C- 141  OPERATIONAL  CRITERIA 


DESIGN  WEIGHTS 


Condition 

Weight  (Lb.) 

Maximum  Flight  Gross  Weight 

316.100  (Original) 

323.100  (Updated) 

Maximum  Cargo  Weight 

72,131 

Maximum  Fuel  Weight  for  Flight 

151,452 

Maximum  Zero  Fuel  Weight 

204,670 

Maximum  Landing  Weight 

316,100  (Original) 

(6  ft/sec  sink  speed) 

Normal  Landing  Weight 
(10  ft/sec  sink  speed) 

323, 100  (Updated) 

257,500 

DESIGN  SPEEDS 


Condition 

Speed 

Limit 

410  K»w  '  S  to 

21,000  Ft. 

then  M  3  0,89 

Maximum  Level  Flight 

350 

25,000 

0.225 

Rough  Air  Penetration  Speed 

270 

36,800 

0.225 

Spoiler  Placard 

350 

19,800 

0.750 

T.O.  Flop  Plocard 

200 

24,200 

0.420 

Landing  Flap  Placard 

185 

24,700 

0.450 

Case 

Configuration 

Load  Factor 

Positive  Symmetrical  Maneuver 

Clean  and  Spoiler 

2.5 

Flop 

2.0 
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10.2  Colculotion  of  Structural  Reliobtlity  for  C-141 


a.  A  comprehensive  calculation  of  the  structural  reliability  of  the 
C-141  is  beyond  the  scope  of  this  report  due  to  the  sheer  magni¬ 
tude  of  the  amount  of  analysis  required.  Also,  such  a  comprehen¬ 
sive  analysis  is  not  necessary  as  the  structural  reliability  can  be 
calculated  for  selected  toads  sources  at  one  structural  location. 

As  such,  the  results  reflect  only  the  structural  reliabilities  for 

the  structural  location  and  load  sources  selected,  which  are  suf¬ 
ficient  for  demonstration  purposes. 

b.  Wing  Station  135,  which  is  located  about  one-third  of  the  distance 
between  the  wing  root  and  the  inboard  pylon,  is  selected  for  the 
structural  reliability  analysis.  This  station  was  used  as  a  loads  con¬ 
trol  station  for  the  inboard  wing  during  the  original  design  loads 
analysis.  As  such,  the  original  design  toad  conditions  for  the  in¬ 
board  wing  wefe  determined  by  performing  a  loads  envelope  analysis 
for  selected  lead  components  at  wing  station  135. 

Positive  vertical  maneuver  is  the  source  of  six  different  design  con¬ 
ditions  for  positive  vertical  bending  moment  -  torsion  requirements 
at  wing  station  13S.  Therefore,  positive  vertical  maneuver  is  selected 
a*  one  of  the  loads  sources  for  the  structural  reliability  analysis. 

Positive,  discrete  gust  did  not  cause  any  design  load  conditions  for 
the  C-141  wing.  However,  the  gust  loath  were  of  significant  magnitude. 
In  view  of  this  fact,  and  the  foot  that  power-spectral  gust  analysis 
has  been  recommended  for  use  In  the  structural  reliability  analysis, 
positive  vertical  gust  is  also  selected  os  o  toads  source  for  the  struc¬ 
tural  reliability  analysis. 

a.  Approximately  754,000  flight  hours  of  C-141  IASIMP  usage  data  Is 
used  to  establish  the  utilization  of  the  fleet  average  C-141  aircraft. 

The  usage  data  is  broken  down  by  mission  type  and  o  grid  of  2268 
fuc  ’  cargo.  Much  number  and  altitude  dato  block  combinations  which 
represent  the  operational  regimes  of  the  C-141.  By  using  all  of  the 
significant  dato  block  usage  data,  the  statistical  scatter  inherent  in 
the  data  Is  retained,  rather  than  just  the  mean  values.  There  are 
thirteen  different  missions  into  which  the  usage  dato  are  classified. 

These  thirteen  missions  can  be  broken  down  into  three  distinct  groups; 

logistics#  training,  and  airdrop.  Table  XVI  gives  o  summary  of  the 
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10.2  Calculation  of  Structural  Reliability  for  C-141 


o*  A  comprehensive  calculation  of  the  structural  reliability  of  the 

C— 141  is  beyond  the  scope  of  this  report  due  to  the  sheer  magni¬ 
tude  of  the  amount  of  analysis  required.  Also,  such  a  comprehen¬ 
sive  analysis  is  not  necessary  as  the  structural  reliability  can  be 
calculated  for  selected  loads  sources  at  one  structural  location. 

As  such,  the  results  reflect  only  the  structural  reliabilities  for 
the  structural  location  and  load  sources  selected,  which  are  suf¬ 
ficient  for  demonstration  purposes. 

b.  Wing  Station  135,  which  is  located  about  one-third  of  the  distance 
between  the  wing  root  and  the  inboard  pylon,  is  selected  for  the 
structural  reliability  analysis.  This  station  was  used  as  a  loads  con¬ 
trol  station  for  the  inboard  wing  during  the  original  design  loads 
analysis.  As  such,  the  original  design  load  conditions  for  the  in¬ 
board  wing  were  determined  by  performing  a  loads  envelope  analysis 
for  selected  lead  components  ot  wing  station  135. 

Positive  vertical  maneuver  is  the  source  of  six  different  design  con¬ 
ditions  for  positive  vertical  bending  moment  -  torsion  requirements 
at  wing  station  135.  Therefore,  positive  vertical  maneuver  is  selected 
as  one  of  the  loads  sources  for  the  structural  reliability  analysis. 

Positive,  discrete  gust  did  not  cause  any  design  load  condition; 
the  C- 141  wing.  However,  the  gust  loads  were  of  significant  magnitude. 
In  view  of  this  foci*  and  the  fact  that  power-spectral  gust  analysis 
has  been  recommeniied  for  use  in  the  structural  reliability  analysis, 
positive  vertical  gust  It  also  selected  as  a  toads  source  far  the  struc¬ 
tural  reliability  analysis. 

c.  Approximately  764,000  flight  hours  of  C- 141  lASiMP  usage  data  is 
used  to  establish  the  utilisation  of  the  fleet  overage  C— 141  aircraft, 
the  usage  data  it  broken  down  by  mission  type  and  a  grid  of  2268 
fuel,  cargo,  Mach  tvwnbet  and  altitude  data  block  combinations  which 
represent  the  operational  regimes  of  the  C-141.  By  using  oil  of  the 
significant  data  block  usage  data,  the  statistical  scatter  inherent  in 
the  data  is  retained,  rather  than  fust  the  mean  values.  There  ore 
thirteen  different  missions  into  which  the  usage  data  are  classified. 

These  thirteen  missions  can  be  broken  down  info  three  distinct  groups; 

logistics,  training,  and  airdrop.  Table  XVI  gives  o  summary  of  the 
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TABLE  XVI 


C-141  1ASIMP  M'SSION  UTILIZATION 


MISSION 

AVERAGE  CARGO 

%  FLIGHT  HOUR 

type 

WEIGHT  (LB,)* 

UTILIZATION 

Logistics 

36,660 

83.9 

Training 

4,900 

15.7 

Airdrop 

14,400 

0,4 

•Design  Cargo  Weigh*  =  72,131  Lbs. 


UG 


C-141  mission  utilization  and  average  cargo  weights.  The 
airdrop  missions  represent  only  0,4%  of  the  total  flight  hour 
utilization  and  therefore  will  be  considered  as  logistics 
missions  for  this  analysis.  Thus,  only  two  separate  types  of 
missions,  logistics  and  training,  are  required  to  adequately 
represent  the  utilization  of  the  C-141 . 

Maneuver  vertical  load  factor  spectra  were  obtained  by  re¬ 
ducing  the  maneuver  vertical  load  factor  data  for  13,264 
flight  hours  of  VGH  data.  Due  to  the  limited  range  of  the 
vertical  load  factor  data,  the  data  was  fit  by  extreme-value 
double  family  distributions  in  order  to  allow  extrapolation  to 
larger  vertical  load  footers .  The  vertical  load  lac  tor  data  was 
reduced  on  an  extreme-voiue  basis  by  retaining  only  the  maxi¬ 
mum  vertical  load  factor  for  constant  time  intervals.  A  ten 
hour  time  interval  was  used  for  the  logistics  missions,  while  a 
five  hour  time  interval  was  used  for  the  shorter  training  missions. 

The  resultant  dota  then  determine  the  probability  that  a  load 
factor  will  occur  at  a  maximum  during  the  given  time  interval, 
net  Just  the  probability  that  it  will  occur. 

The  maneuver  lor  j  factor  spectra  vary  significantly  between 
mission  types  and  mission  segment .  Therefore,  separate  spectra 
were  determined  for  logistics  and  training  missions  cruise  end 
non-cruise  segments.  The  resulting  maneuver  load  factor  spectra 
are  presented  in  figures  $$  and  63  for  logistics  and  training  missions 
respectively. 

Maneuver  vertical  bend  ag  moment-torsion  toads  spectra  ore  thee 
calculated  using  the  mission  data  block  utilization,  maneuver  toad 
facto?  spectra  and  mean  o^d  incremental  maneuver  loads  doto.  As 
discussed  'n  Section  V,  aircraft  limitations  such  os  aerodynamic  stall 
and  control  limits  should  be  included  in  o  statistical  loads  analysis. 
The  C-141  maneuver  capability  is  primarily  limited  by  aerodynamic 
stall  rather  thorn  control  limits.  Therefore,  the  maneuver  load  spectra 
for  each  discrete  flight  condition  is  m  scaled  when  the  stoil  lift 
coefficient  is  obtoined. 
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FIGURE  59 


0141  LOGISTICS  MISSIONS  MANEUVER  SPECTRA 


Cumulative  Probability  of  nz  2»A  Given  Value  In  Any 

maxima  Five-Hour  Int 


Non- Cruise 


FIGURE  60 


C-141  TRAINING  MISSIONS  MANEUVER  SPECTRA 


As  discussed  in  Section  V,  the  loads  spectra  must  be  presented 
in  a  form  which  is  compatible  with  structural  strength.  For 
C-141  vertical  maneuver  conditions,  vertical  bending  moment 
and  torsion  are  the  most  significant  wing  load  components. 

Therefore,  the  vertical  bending  moment- torsion  loads  spectra 
are  converted  to  percent  of  partial  limit  vertical  bending  moment- 
torsion  strength  as  shown  by  Figure  61.  The  envelope  is  called 
a  partial  limit  strength  envelope  because  the  envelope  is  formed 
from  limit  conditions  having  zero  margins  of  safety  due  to  the 
combined  six  components  of  load.  The  use  of  the  partial  limit 
strength  vertical  bending  indirect  torsion  envelope  thus  places 
qualifying  assumptions  on  the  other  four  load  components,  but 
it  is  felt  to  be  a  satisfactory  approximation.  Thermodynamic  and 
internal  pressurization  effects  are  not  significant  for  the  C-141 
wing  and  therefore  are  not  included  here.  The  resulting  spectra 
are  presented  by  Figure  62  for  the  C-141  30,000  flight  hour 
design  lifetime. 

Using  16,430  hours  of  C-141  VGH  gust  vertical  load  factor  data, 
gust  environmental  parameters  have  previously  been  derived.  The 
procedure  involves  the  generation  of  generalized  peak  load  factor 
spectra  and  curve  fitting  to  obtain  the  gust  environmental  parameters. 

The  aircraft  structure  is  defined  by  three  rigid  body  modes  and  15 
symmetrical  modes  of  flexible  vibration.  The  aerodynamic  representa¬ 
tion  includes  such  effects  as  variation  of  the  lift  curve  slope  with 
Mach  number,  downwash  on  the  horizontal  stabilizer  and  Kussner 
and  Wagner  lift  growth  functions.  The  von  Karman  power-spectral 
equation  and  a  varying  scale  of  turbulence,  L,  are  used  to  define 
the  R.M.S.  load  response  too  unit  R.M»S.  gust  velocity;  A,  and 
the  characteristic  frequency  of  response,  No<  The  von  Karman 
power-spectral  equation  is  shown  below. 

i(n,t)  L{1  -t  4.781  Q2 L2)  9 

tt(1  +  1.7930  L2)'1^ 

w 
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Wing  Station  135 

Partial  Limit  Strength  Envelope 


80 


FIGURE  61  CONVERSION  OF  MANEUVER  LOAD  TO  PERCENT  LIMIT  STRENGTH 


Where: 


*(0,L) 


w 


L 

0 


is  the  power  spectral  density  input  function 
is  the  R.M.S.  gust  velocity  (ft/sec) 
is  the  scole  of  turbulence  (ft) 
is  the  reduced  frequency  (rad/ft) 


Table  XVII  presents  the  scale  of  turbulence  and  the  other  turbulence 
parameters  as  derived  for  the  C-141 . 

g.  Peak  gust  load  spectra  are  then  determined  for  the  C-141  utiliza¬ 
tion  by  use  of  the  generalized  exceedance  equation  separately  for 
each  data  block. 


N  (Y)  =  N  T 
P  °y 


+  P2  exp 


\  bM 


10 


Where:  Np  is  the  cumulative  number  of  occurrences 

of  load  greater  than  or  equal  to  Y 

N  is  the  characteristic  frequency  of  response 
forbad  Y  (CPS) 

Y  is  the  total  load 

Y  is  the  mean  l.Qg  flight  load 

T  is  the  flight  time  in  seconds 

Ay  is  the  R.M.S.  load  response  to  an  R.M.S, 
gust  velocity  of  one  ft/sec 

Pj,P2/bj,  and  b2  are  as  defined  by  Table  XVII 

h.  The  spectra  for  individual  load  components  are  obtained  inde¬ 
pendently  by  use  of  the  generalized  exceedence  equation.  There¬ 
fore,  in  order  to  determine  a  given  state  of  loading,  the  phasing 
of  the  load  components  must  be  determined.  Reference  13  presents 
two  methods  fo>  determining  load  component  phasing;  both  of  which 
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TABLE  XVII 

VERTICAL  GUST  TURBULENCE  PARAMETERS 


ALTITUDE 
(1000  FT.) 

p, 

p 

r2 

b 

1 

b2 

L 

0-1 

.95 

.0045 

2.8 

6.0 

500 

1-2 

.47 

.0034 

3.1 

6.2 

1600 

2-5 

.27 

.0021 

3.2 

6.5 

1650 

5-10 

.13 

.001 

3.2 

7.9 

1860 

10-20 

.057 

.0004 

3.2 

7.9 

2250 

20-30 

.039 

.0002 

3.2 

8.3 

3250 

30-40 

.031 

.00013 

3.2 

8.0 

4250 

>40 

.027 

.0001 

3.2 

. . -■  . 

7.2 

5350 

Pj  is  the  percent  of  time  spent  in  non-storm  turbulence. 

?2  is  the  percent  of  time  spent  in  storm  turbulence. 

b,  is  the  composite  R.M.S.  gust  velocity  for  non-storm 
turbulence  (ft/sec). 

b2  is  the  composite  R.M.S.  gust  velocity  for  storm  turbu- 
4  lence  (ft/sec). 

L  is  the  scale  of  turbulence  (ft) 
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involve  a  significant  amount  of  analysis.  Such  methods  are 
not  applied  here  as  it  is  felt  that  for  the  C-141  wing  station 
selected,  a  satisfactory  representation  of  the  gust  load  spectra 
in  terms  of  percent  limit  strength  can  be  obtained  by  the  use 
of  vertical  bending  moment  alone.  This  is  demonstrated  by 
referring  to  Figure  63  which  shows  that  over  a  range  of  torsion 
from  -10  to  +7  million  in-lbs,  the  allowable  limit  bending  moment 
varies  from  a  maximum  of  67  to  minimum  of  60  million  in-lbs,  a 
variation  of  only  10%.  Therefore,  an  approximation  of  the  per¬ 
cent  of  limit  strength  for  a  given  bending  moment  can  be  obtained 
by  taking  the  100%  limit  strength  bending  moment  as  the  reduced 
value  of  60  million  in-lbs.  Techniques  such  as  this  would  have  to 
be  used  in  preliminary  design  analyses  where  such  simplifications 
area  necessity. 

The  resulting  spectra  are  presented  by  Figure  64  for  the  C-141 
30,000  hour  design  lifetime. 

i.  In  order  to  perform  the  structural  reliability  analysis  following  the 
determination  of  the  ioads  spectra,  the  strength  scatter  due  to  fabri¬ 
cation  and  material  variations  and  an  error  function  must  be  deter¬ 
mined.  Section  VI  presents  an  extreme-value  double  family  fit  of 
the  strength  scatter  for  the  primary  material  used  for  the  C-141  wing, 
7075-T6.  Section  VI  also  presents  an  extreme-value  double  family 
fft  of  the  strength  scatter  due  to  the  fabrication  of  riveted  joints. 
Section  VII  presents  error  fuittions  as  derived  from  C-141  static  test 
data.  The  material  and  fabrication  data  from  Section  VI  and  the 
error  function  for  the  original  C-141  configuration  are  selected 
for  the  structural  reliability  calculations.  These  data  together  with 
the  loads  spectra  are  input  to  the  modified  structural  reliability  pro¬ 
gram.  The  results  are  os  follows  for  one  test  surviving  150%  of 
limit  load  (ultimate). 
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FIGURE  63  VARIATION  OF  LIMIT  VERTICAL  BENDING  MOMENT  WITH  TORSION 
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FIGURE  €4 


0141  POWER  SPECTRAL  GUST  PERCENT  LIMIT  STRENGTH  SPECTRA 


W.S.  135  STRUCTURAL 
RELIABILITY 


Positive  Vertical  Maneuver  ,999999993 

Positive  Vertical  Gust  .999994 

As  recommended  in  Section  VIII,  the  structural  reliability  goql 
for  cargo  transport  aircraft  is  .999.  Therefore,  for  the  wing 
station  and  toads  sources  considered,  the  C- 141  has  structural 
reliability  far  in  excess  of  the  recommended  goal. 

The  comparison  of  the  relative  structural  reliabilities  between  the 
two  loads  sources  is  significant.  The  original  C-141  design  loads 
analysis  for  2.5g  maneuver  and  discrete  gust  showed  that  the  air¬ 
craft  was  not  gust  critical  os  the  maximum  gust  wing  loads  did  not 
exceed  80%  of  the  maximum  maneuver  loads.  However,  on  o 
statistical  basis,  just  the  opposite  is  true  os  the  wing  has  c  much 
lower  reliability  for  gust  than  for  maneuver.  The  merit  of  the 
structural  reliabil'ty  analysis  is  therefore  evident  os  it  identifies 
the  strength  requirements  for  individual  load  sources  based  upon 
a  common  structural  reliability  goal. 


a.  Since  it  has  been  demonstrated  that  for  two  loads  sources,  positive 
vertical  maneuver  and  positive  vertical  gust,  the  structural  reliability 
fora  selected  C-141  wing  station  is  far  in  excess  of  the  structural 
reliability  goal,  it  is  of  interest  to  determine  whot  the  design  load 
requirements  would  be  in  order  to  just  obtain  the  structural  reliability 
goal. 

b.  Determination  of  Limits  for  User  Controlled  Parameters 

1)  As  discussed  in  Section  V,  limits  on  the  user  controlled 
parameters  must  be  defined  such  thot  the  areas  of  normal, 
overload,  and  gross  overload  opefotion  con  easily  be  deter¬ 
mined  by  the  user.  Positive  vertical  maneuver  is  a  foods  source 
for  which  the  resultant  loads  ore  completely  determined  by  user 
controlled  posameters.  As  such  the  limits  for  the  user  controlled 
parameters  which  ore  pertinent  to  positive  vertical  maneuver 
will  be  determined. 
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2)  Figure  65  presents  maneuver  load  foctor  cumulative  occurrence 

spectra  for  logistics  and  training  missions  representing  a  30,000 

flight  hour  design  lifetime.  The  original  design  vertical  maneuver 

load  factor  of  2.5  is  shown  to  have  a  probability  of  exceedance 
-4 

of  approximately  10  during  logistics  missions  and  is  equaled 
or  exceeded  twelve  times  during  training  missions. 

At  a  given  vertica1  maneuver  load  factor,  cargo  weight,  as 
shown  by  Figure  66,  has  the  most  significant  effect  on  wing 
loads.  Figure  67  presents  cumulative  probability  spectra  for 
cargo  weight  utilization  during  logistics  and  training  missions. 

The  spectrum  for  logistics  missions  has  been  conservatively 
extrapolated  to  120%  of  the  design  cargo  weight  of  72,13) 
tbs. 

3)  Since  cargo  weight  and  vertical  load  foctor  ore  the  most 
significant  parameters  for  C-141  maneuver  wing  loads, 
the  magnitude  of  the  maximum  wing  loods  for  the  three 
operational  regimes  can  be  effectively  defined  by  limiting 
the  maneuver  vertical  toad  foctor  for  any  given  cargo  weight. 
Figure  68  presents  curves  of  vertical  load  factor  versus  cargo 
weight  for  the  limit  and  omega  probabilities  of  exceedence  at 
recommended  in  Section  Vlfl.  The  increase  in  sioae  or  the  lower 
cargo  weights  is  due  to  the  training  missions  which  hove  large 
maneuver  vertical  load  foctor,  but  low  cargo  weights.  The 
C-U?  usage  dato  indicates  that  an  cmego  cargo  weight  of 
86,500  lbs.,  120% of  the  design  maximum  cargo,  provide* 
sufficient  margin  for  cargo  overload. 

4)  Figure  69  presents  the  limit  cad  omega  cargo-fuel  envelopes. 

The  limit  envelope  is  defined  by  the  design  cargo  weight  of 
72,13)  lbs the  updated  maxi  mum  flight  gross  weight  of 
323,100  lbs.,  and  the  design  maximum  flight  fuel  weight 
of  151,  452  lbs.  A*  previously  discussed,  the  maximum 
cargo  weight  for  c  ^ego  operations  is  token  to  be  85,500 
lbs.  The  C- 141  usage  data  indicates  that  on  omega  gross- 
weight  of  343, 100  lbs.  provides  sufficient  margin  for  omega 
operations.  The  C-141  usage  data  has  revealed  no  iruionces 
where  the  design  maximum  fuel  weight  was  exceeded.  There¬ 
fore,  no  separate  ©megofuel  weight  is  considered. 
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Cumulative  Occurrence?-  of  nz  Z:  Ary  Giver.  Value 

During  30,000  Flight  Hours 


FIGURE  65  C-141  POSITIVE  VERTICAL  MANEUVER  LOAD  FACTOR  SPECTRA 
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Psicent  Design  Poyiocd 


FIGURE  66  TYPJCAl  EFFECTS  OF  FUEL  AND  CA&GO  ON  WiNG  LOADS 

C— 141 
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Payload 


FIGURE  68  LIMIT  AND  OMEGA  MANEUVER  VERTICAL  LOAD  FACTOR  vs  CARGO  WEIGHT 

C-141 


Cargo  Weight 


FIGURE  69  C-141  LIMIT  AND  OMEGA  CARGO  -  FUEL  ENVELOPES 
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5)  Figure  70  presents  the  limit  and  omega  airspeed-altitude 
combinations  for  the  clean  configuration.  The  C— 141  usage 
data  indicates  that  the  maximum  level  flight  speed,  V^,  is 

a  sufficient  definition  of  the  limit  airspeed-altitude  combina¬ 
tion,  while  dive  speed,  ,  provides  sufficient  margin  for 
overload  operations.  The  C-141  usage  data  does  not  indicate 
any  exceedences  of  the  spoiler  and  flap  placards.  Therefore, 
the  limit  airspeed-altitude  combinations  for  the  spoiler  and 
flap  configurations  are  taken  as  their  respective  placard  values, 
and  no  separate  omega  values  are  defined. 

6)  No  exceedences  of  the  design  center  of  gravity  envelope 
have  been  recorded  by  the  C-141  usage  data.  Center  of 
gravity  has  only  secondary  effects  on  the  C-141  wing  loads. 
Hence,  the  design  center  of  gravity  envelope  is  taken  as 
the  limit  envelope,  and  no  omega  envelope  is  defined. 

Determination  of  Maneuver  Limit  and  Omega  Condit'cs 

1)  As  discussed  in  Section  V,  maneuver  limit  and  omega 
conditions  can  be  determined  by  two  different  methods. 

The  two  methods  are  repeated  here  hr  emphasis.  The  first 
method  is  purely  probabilistic  in  that  rmit  and  omega  con¬ 
ditions  are  those  which  produce  the  highest  load  levels 

for  the  respective  limit  and  omega  probabilities  of  occurrence. 
Such  an  approach  works  well  in  a  single  parameter  load  en¬ 
vironment,  however  in  a  multiple  parameter  environment  such 
an  approach  does  not  adequately  define  all  combinations  of 
the  user  controlled  parameters  which  are  within  the  limit  and 
omega  conditions. 

2)  The  second  method  is  deterministic  in  that  the  limit  and  omega 
conditions  are  defined  as  those  which  provide  the  maximum 
loads  for  any  combination  of  user  controlled  parameters  within 
the  respective  limit  and  omega  values.  Such  an  approach  has 
the  additional  advantage  of  being  cons! steni  with  present  design 
procedures.  It  must  be  noted  that  the  usage  of  the  aircraft  Is 
not  neglected  for  the  second  method,  os  the  limits  on  the 

user  controlled  parameters  are  determined  bo  sad  upon  the  usage 
data.  Also,  the  design  factors  which  are  applied  to  the  loads 
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for  the  limit  and  omega  conditions  are  based  upon  the 
loads  probability  spectra. 

3}  The  deterministic  method  of  obtaining  the  limit  and  omega 
maneuver  conditions  is  therefore  used  here.  The  limit 
and  omega  conditions  for  wing  station  135  are  determined 
by  developing  load  trend  data  for  the  various  parameters, 
and  then  performing  a  vertical  bending  moment  torsion 
envelope  analysis.  The  limit  and  omega  conditions  are 
then  those  conditions  which  define  the  lor  '-  envelopes. 

The  resulting  toad  envelopes  are  presented  by  Figure  71 
and  the  limit  and  omega  conditions  are  as  shown  in  Table 
XVIII. 

The  limit  and  omega  maneuver  loads  are  presented  by 
Figure  72  as  percentages  of  the  respective  limit  and  omega 
load  envelopes. 

d.  Determination  of  Positive  Gust  Limit  and  Omega  Conditions 

1)  As  discussed  in  Section  V,  positive  gust  is  a  probabilistic 
loads  source  which  is  not  directly  controlled  by  the  user. 

That  is,  the  user  controlled  parameters  do  not  determine 
the  maximum  gust  loads  that  can  be  obtained.  Rather, 
maximum  gust  loads  can  be  determined  only  on  a  probability 
of  occurrence  basis. 

Using  the  power-spectral  gust  equations,  methods  and 

turbulence  parameters,  as  previously  presented  in  this 

section,  limit  and  omega  conditions  are  determined  for 

theC-141  usage  data.  The  selection  of  the  limit  and 

omega  conditions  is  based  upon  vertical  bending  moment 

only.  The  limit  condition  is  that  which  provides  the  largest 

vertical  bending  moment,  for  the  limit  probability  of  occurrence 

of  once  per  lifetime,  while  ‘hot  for  omega  corresponds  to  the 

-3 

omega  probability  of  exceedance  of  10  times  per  lifetime. 

The  limit  and  omega  gust  load  spectra  are  presented  by  Figure 
/3,  ond  the  limit  and  omega  conditions  are  as  follows: 
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Cumulative  Probability  of  M'x  >  Any  Given  Value  in  30,000  Flight  Hours 


FIGURE  73  C -HI  POSITIVE  VERTICAL  GUST  LIMIT  AND  OMEGA  LOAD  SPECTRA 


W.S  155  R.M.S. 


CONDITION 

M‘  .< 

i.W. 

CARGO 

FUEL 

MACH 

VEL, 

GUST  VEL, 

6 

(10  in-lb  ) 

(lb) 

(lb) 

Ob) 

(KEAS) 

(ft/sec ) 

Limit 

36 

229,989 

60,000 

37.500 

.49 

28.4 

Omega 

57*6 

229, '89 

60,000 

37.5  '0 

•  755 

283 

68.2 

2)  The  maximum  wing  station  1 35  vertical  bending  moment  for 
the  C-T41  original  discrete  gust  design  loads  analy-ls  is  57.3 
million  in-lb  (limit). 

e.  Determination  of  Design  Factor  and  Design  Loads 

1}  The  structural  reliability  analysis  is  performed  separately 
for  maneuver  and  gust  using  the  limit  and  omega  loads 
spectra,  the  C— 141  material  and  fabrication  strength 
scatter,  and  the  C-141  original  configural  n  with  static 
test  error  function.  The  design  factors  required  to  obtain 
the  structural  reliability  goals  of  .99999  for  limit  and 
,999  for  omega  are  determined.  Assuming  on"  static 
test  is  survived  with  the  test  factor  equal  to  the  design 
factor,  the  following  design  factors  ore  obtained* 


LOADS  SOURCE 

COND. 

DESIGN  FACTOR 

Positive  Vertical  Maneuver 

Limit 

1.29 

Positive  Vertical  Maneuver 

Omega 

1.0 

Positive  Vertical  Gust 

Limit 

1.51 

Positive  Vertical  Gust 

Omega 

Ml 

2)  The  factored  design  loads  requirements  for  both  loads  sources 
are  presented  by  Figure  74.  The  original  ultimate  design  load 
requirements  resulting  from  both  loads  scurces  are  also  shown 
for  comparison.  The  omega  gust  verticol  bonding  moment  re¬ 
quirement  slightly  exceeds  both  of  the  limit  and  omega  maneuver 
requirements.  Also,  the  omega  gust  requirement  exceeds  the 
limit  gust  requirement  by  approximately  20%.  However,  the  rol* 
is  reversed  for  maneuver  as  the  limit  requirements  slightly  exceed 
those  for  omega.  Thus,  overload  operations  for  maneuver  are  not 
as  significant  as  those  for  gust. 
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FIGURE  74  C-141  FACTORED  LIMIT  AND  OMEGA  DESIGN  LOADS 

W.  S.  135 


The  structural  reliability  load  requirements  ore  sig¬ 
nificantly  less  than  the  original  ultimate  load  requirements. 
On  a  vertical  bending  moment  only  basis,  a  reduction  of 
35%  is  indicated  at  wing  station  135  for  the  two  loads 
sources  considered.  Since  wing  station  135  is  a  loads 
control  station  for  the  inboard  wing,  the  results  are  ap¬ 
plicable  to  other  inboard  wing  stations. 

3)  The  results  of  this  exercise  should  not  be  interpreted  to 
mean  that  the  structural  reliability  load  requirements  will 
alwoys  be  less  than  those  resulting  from  the  present  deter¬ 
ministic  methods.  Rather,  the  results  are  dependent  upon 
the  utilisation  and  strength  scatter  for  the  individual  aircraft 
being  considered. 

10.4  Fatigue  Endurance  Considerations 

Only  static  strength  structural  reliability  has  been  considered  in  this 
analysis.  However,  in  order  to  adequacy  define  th»  design  lood  re¬ 
quirements,  fatigue  and  fail-safe  requi-omcnts  mui»  cl  so  be  included. 

The  results  of  the  C- 141  static  strength  structural  reliability  analysis 
showed  that  the  positive  vertical  bending  moment  requirements  for  the 
inboard  wing  are  3i%  levs  than  those  for  the  original  deterministic 
requirements.  However,  if  the  design  loads  were  decreased  by  35%, 
and  if  the  some  detail  design  were  used,  the  stress  to  load  ratio  would 
increase  by  35%.  $*  ch  an  increase  in  stress  to  load  ratio  would  cause 
an  approximately  90%  reduction  in  fatigue  endurance  fo»  flue  C-141  wing 
root  lower  surface.  Such  o  redact  tort  Is  not  acceptable.  Therefore,  the 
design  loads  conn  ■  determined  only  by  static  strength,  as  fatigue  and 
failsafe  considerations  may  dictate  higher  load  requirements. 
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